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Charmless semileptonic decays of bottom mesons were searched for in ap-
proximately 4 million hadronic decays of the Z
0
collected by the Aleph detector
during the period 1991-95.
Separation of these decays from the dominant charmed decay was achieved
by requiring the energy of the lepton to be above the kinematical endpoint of the
charmed decay process. In the energy region above 32.5 GeV, 42:6 17:8  9:5
electron events were observed in excess of carefully supressed and assessed back-
grounds and are attributed to b! u transitions.
Preface
This thesis presents an observation of semileptonic charmless bottom meson
decay in data recorded by the Aleph detector between 1991 and 1995 at the Lep
accelerator.
The success of theAlephCollaboration depends upon the joint eort of many
people over an extended period of time. The author's contributions included
maintenance and operation of a Laser Calibration System for the Time Projection
Chamber, renement of the magnetic eld map and regular shifts monitoring the
quality of the data as they were recorded.
The material presented here reects the author's own analysis of the Aleph
data. No portion of the work described in this thesis has been submitted in
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Chapter 1
Transitions among the quark
families
1.1 Introduction
The quest of particle physics is the determination of fundamental constituents
of matter and their interactions. The notion that matter is composed of a small
number of elementary and unchanging units has existed for centuries. One of the
earliest attempts to break down matter into its components is due to the Greek,
Empedocles, circa 440 b.c.
1
He imagined matter as composed of four elements:
air, water, re and earth which were combined by Love and separated by Strife
[1]. Suprisingly, this early theory contains many of the components of the modern
description of matter; a number of distinct constituents which interact via both
attractive and repulsive forces.
1.1.1 The constituents of matter
Progress towards this goal of particle physics has become rapid in the last two
centuries. The observation that some substances could not be decomposed by
chemical means lead to the discovery of the Periodic Table of the elements by
Mendeleev in 1869, with the constituents being the atoms. The Periodic Table is
1
Even earlier theories involving a single element exist.
1
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notable in that it predicted the existence of previously unknown elements which
were later discovered. The large number of constituents (92 naturally occuring
elements) and the regularity in the properties of the elements (e.g. the mass of
each atom is approximately an integral multiple of that of hydrogen) hinted at
an underlying structure.
The discovery of the electron by J. J. Thomson in 1897, the atomic nucleus by
Rutherford in 1911 and the neutron by J. Chadwick in 1932, gave rise to a further
renement. Each element of the Periodic Table is composed of atoms which, in
turn, are composed of a nucleus of protons and neutrons orbited by electrons.
This seemed highly satisfactory: matter is composed of only three `fundamental'
particles. However, this was soon to change.
Throughout the 1930s, 1940s and 1950s a plethora of new particles was dis-
covered, many in cosmic ray experiments. Classication of the hadrons (particles
that undergo the strong interaction) by M. Gell-Mann and independently Y.
Ne'eman in 1961 in an analogous way to the Periodic Table lead M. Gell-Mann
and G. Zweig in 1964 to postulate that the hadrons were, in fact, composed of
three elementary particles called the up, down and strange quarks. The triumph





Of the three quarks, up and down can be grouped into a doublet, whereas
strange did not have a partner. This plus other theoretical arguments, led to the
prediction of a fourth quark called charm. This quark was later discovered as a
constituent of the J= particle in 1974.
The leptons can also be arranged into doublets. Each of the electron and
muon has an associated neutrino. The muon neutrino was discovered and shown
to be distinct from the electron neutrino in 1962. The electron and its neutrino
form a doublet, likewise for the muon. These doublets can be combined with the
quark doublets to form two `generations'. The rst consisting of the electron and
its neutrino plus the up and down quark, the second consisting of the muon, its
neutrino and the charm and strange quarks.
The discovery of the tau lepton in 1975 began a third generation. The re-
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maining particles in this generation are the tau neutrino, the bottom quark,
discovered as a constituent of the  meson in 1977 and the top quark, for a long
time postulated to exist and nally veried in 1995.
The obvious question is that of, \is there an end to this layer upon layer of
substructure?" A partial answer is given by the experimental determination of
the number of light (massless) neutrinos to be three [2]. Therefore one infers
only three generations, similar to that found so far, however further generations
could exist with more massive neutrinos. Furthermore, searches for composite-
ness, where the quarks themselves have an internal structure have so far been
unsuccessful.
1.1.2 Current understanding
To summarize, the currently accepted view is that all matter is made up of
fermions with intrinsic spin of magnitude 1=2. These are subdivided into quarks,
with non-integral charge, and leptons. The fundamental fermions are arranged
into generations as shown in table 1.1. The rst generation contains the con-
stituents of ordinary matter, with the the subsequent ones essentially being higher
mass copies of the rst, and consequently are only produced by so-called high en-
ergy processes.
The fundamental constituents of matter interact via four fundamental forces:
gravity, weak, electromagnetic and strong. However, for the purpose of particle
physics, the eect of gravity is so small compared to the others that it is safely ne-
glected here. According to current theories these forces are mediated by particles
called bosons
2
possessing integral spin and listed in table 1.2.
1.2 Symmetry and conserved quantities
Symmetry principles are an important concept in classical and quantum physics.
If a system exhibits a certain symmetry then a quantity related to that symmetry
2
Interactions between the fermions occur via exchange of these bosons.
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Generation Particle Symbol Charge (e) Spin (h)
First up quark u 2=3 1=2
down quark d  1=3 1=2




Second charm quark c 2=3 1=2
strange quark s  1=3 1=2




Third top quark t 2=3 1=2
bottom quark b  1=3 1=2




Table 1.1:The fundamental constituents of matter arranged into generations.
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Force Gauge boson Symbol Charge (e) Spin (h) Rel. strength
Strong 8 Gluons g
i
; i = 1; 8 0 1 1
Electromagnetic Photon  0 1 10
 2




1; 0 1 10
 13
Gravity Graviton G 0 2 10
 38
Table 1.2:The gauge bosons (the graviton is believed to exist but has not been discovered).
is conserved. Thus translational and rotational symmetries lead to conservation
of linear momentum and angular momentum.
In eld theory this concept is expressed by Noether's theorem. A transforma-
tion of the elds,
(x)! 
0
(x) = (x) + (x); (1.1)
which leaves the Lagrangian density invariant, leads to a continuity equation,























Many of the current theories of particle physics are quantum eld theories
which exhibit various local symmetries. These are more usually known as gauge
theories.
A gauge theory starts with a Lagrangian density describing free particles.
Insisting that the Lagrangian is invariant under a particular local symmetry of
the particle elds necessitates the introduction of a certain number of gauge
elds that can undergo the symmetry transformations themselves. These elds
correspond to the gauge bosons that mediate the interaction. The new Lagrangian
density is then invariant under the local symmetry transformations.
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1.3 Standard electroweak theory
The standard electroweak theory of Glashow, Weinberg and Salam [3, 4, 5] is







Lagrangian density is arranged so that the left-handed elds
form a doublet whereas the right-handed ones are singlets. The SU
L
(2) trans-
formations act only on the left-handed doublet elds, they have no eect on the
right-handed singlet elds.
The SU(2) group has three generators which correspond to three gauge elds
which are introduced. Noether's theorem (1.3) relates these generators to three





involves a part which is contained in
the electromagnetic current J

em






















is known as the weak hypercharge current.
The weak hypercharge is thus dened as
y = 2(q=e  t
3
): (1.5)
The values of which are given in table 1.3. Therefore one considers U(1) hyper-
charge transformations instead of U(1) electromagnetic.






transformations. The introduction of the elds that produce an invariant La-





. The form of the covariant derivative is such that the covariant derivative
of the quark elds transforms in exactly the same way as the elds themselves.
Hence the resulting Lagrangian density is invariant under the transformation.
The Lagrangian density can be written as
3
Only one generation of quarks is considered here. The leptons behave in an analogous way
to the quarks and three generations are considered in section (1.3.2).































































































are the right-handed singlets, 
i
are the Pauli spin matrices, and g and g
0
are
coupling constants. The covariant derivatives are the terms in square brackets
and the last line is the kinetic terms
4


























































is the weak mixing angle. Ensuring that the electromagnetic current










The Lagrangian density (1.6) describes the interactions of massless quarks with
massless gauge bosons, which is obviously a simplication. Inserting mass terms
4











































1/2 1/2 2/3 1/3
d
L
1/2 -1/2 -1/3 1/3
u
R
0 0 2/3 4/3
d
R
0 0 -1/3 -2/3
Table 1.3: Weak isospin t, electric charge q and weak hypercharge y quantum numbers of
the quark elds.






ever, it is possible to generate masses such that the Lagrangian density remains
invariant. This procedure is known as spontaneous symmetry breaking, or the
Higgs mechanism.
Briey, a scalar eld which is invariant under the considered symmetry trans-
formation and has a degenerate ground state is added to the Lagrangian density.
Under symmetry transformations the ground states transform linearly amongst
themselves so that any individual state is not invariant with respect to the sym-
metry transformations. Therefore, arbitrarily choosing one of the states as the
vacuum breaks the symmetry. It is this choice of ground state that generates the
mass of the gauge bosons.


















where (x) is a complex scalar SU
L
















The use of the covariant derivative D

in (1.11) ensures gauge invariance.
The ground state is degenerate for  > 0 and 
2
< 0 and the vacuum state is





















This vacuum state is invariant under electromagnetic U(1) transformations so
that the photon remains massless. A suitable gauge transformation enables (x)





































































and cubic and quartic self-
interactions. The second line consists of a mass term for the W

bosons plus
interactions between the W

and the Higgs eld, and the third line describes the
same for the Z
0



























1.3.2 Quark mass generation and avour changing cur-
rents
For clarity, the above analysis deals with only one quark generation. The intro-
duction of the other generations, plus the generation of fermion masses under
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symmetry breaking, leads to a theory that admits mixing of the quark families
in accordance with the experimental observation of mixing.






invariant Yukawa couplings between the fermions and the Higgs eld.
The three generations of quarks are arranged in the usual left-handed doublets























; i = 1; 2; 3; (1.18)
where the u
i
s are the up type quark elds (u; c; t) and d
i
s the down type ones




















































Where the Higgs isodoublet
~






. Breaking the symmetry by





















































are mass matrices and h:c: denotes the Hermitian conjugate term. If there was no
mixing between quark generations then these would be diagonal with the diagonal
elements equal to the quark masses. The mass matrices can be diagonalised by
























are diagonal matrices with diagonal elements equal to the quark
masses. Thus there is a distinction between two states; the weak states considered
above and the physical ones with denite mass. These transformations reduce
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where the primed quantities denote the physical quark elds. The relationship































where the quark elds u and d are considered as column vectors. The interaction
part of the Lagrangian is the rst three lines of equation (1.6). This can be
divided into a charged current part where the interaction involves a change of
electric charge and a neutral current part where there is no change. The charged






























where the quark elds are again considered as column vectors. One now has to







































is not diagonal. This is the Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix[6, 7]. In terms of the physical states, the quark




















































































































The neutral current part does not involve the CKM matrix because all the
terms are of the form


























, where U is the corresponding transformation matrix in (1.24).
The implication of this is that a physical quark from one family can decay to
a quark from any other family. In fact transitions between any charge 2=3 quark
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and any charge  1=3 quark are possible, the probability for such a transistion
to take place being proportional to the modulus squared of the relevant CKM
matrix element.
1.3.3 Charmless decays of the bottom quark and CP vio-
lation
The bottom quark can decay to either a charm quark (charmed decay) or an









Decay to the top quark is excluded as it is more massive than its bottom part-
ner. As described below, the existence of charmless bottom quark decays has
considerable implications for CP violation in the Standard Model.
The CKM matrix is a unitary 3  3 matrix. Such a matrix is parametrized




Five of the complex phases do not have any physical meaning and can be re-
moved by a redenition of the quark elds. The bi-unitary transformations (1.22)



















































































leaves the bi-unitary transformations unchanged. The corresponding transforma-















only six of the 
ij















A 3 3 orthogonal matrix is specied by three rotational angles.
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for the non-zero phases. This can be eected for only ve of the non-zero phases

ij














which leaves ve that can be removed.
CP violation can occur in the Standard Model only if the CKM matrix is
complex which is true because of the single remaining phase. However, if any
one of the nine CKM matrix elements is zero then the quark elds can always be
redened so that the complex phase appears in that element and CP violation
would not be possible. Therefore, all transistions between quarks as indicated by
the suces in the CKM matrix must occur. Bottom quarks have been observed
to decay to charm quarks, but the decay to up quarks must occur if the Standard
Model is to accommodate CP violation. Therefore, observation of charmless
bottom quark decays is an important test of the Standard Model.
1.4 Previous observations of semileptonic charm-
less bottom quark decays
1.4.1 Introduction


















subsequently decays to a lepton and neutrino.
1.4.2 Inclusive measurements
The rst evidence for charmless bottom quark decays was reported by both the
ARGUS and CLEO collaborations in 1990 [8, 9] via the semileptonic decay of
bottom mesons
6
. These measurements exploit the dierence in the end points of
6
Earlier reports of bottom meson decays to proton/pion combinations by ARGUS [10] were
not conrmed by CLEO [13] or substantiated by ARGUS [11].
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the momentumspectra of leptons originating fromB! X
u
l or B! X
c
l decays.














where X denotes the lowest state for either the up or charm decay. Taking
these to be the -meson for the up decay and the D-meson for the charm decay
give E
max
= 2:64 and 2:31 GeV respectively. Thus, the observation of leptons
in the window above the charm endpoint provides a clean signal for charmless,
semileptonic decays.
CLEO examined the momentum regions 2.2{2.4 and 2.4{2.6 GeV=c [9] and





processes which is reduced using event shape cuts plus the requirement of a large
missing momentum. The remaining contribution is estimated by running at an
energy slightly below the (4S) resonance to give an event sample consisting
entirely of continuum events. The contribution from b! cl decays is calculated
by tting the spectra below the endpoint region to the ISGW [16] and WBS [18]
models. Other sources are fake leptons, J= and  
0
decays and cascade b! c!
l. The highest statistics measurement uses the inclusive ACCMM semileptonic




j = 0:076  0:008. Models with a limited set of




j = 0:06  0:10.
ARGUS use a slightly dierent method [8, 12]. They measure the partial
branching ratio for b ! ul decays in the momentum range 2.3{2.6 GeV=c and
the partial branching ratio for b ! cl decays in a momentum window between
2.0 and 2.3 GeV=c. The backgrounds are essentially the same, however ARGUS
deals with the continuum events by cutting on the angle  between the lepton
and the thrust axis of the remaining event. The cut, j cosj < 0:75, rejects
continuum events as these are predominantly two jet events occupying the re-
gion near j cosj = 1. The large missing momentum requirement is replaced








. The remaining continuum background





j = 0:11  0:012.
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1.4.3 Exclusive measurements
CLEO has searched for exclusive semileptonic charmless decays. They look for the








or ! plus charge conjugates [19].
Neutral pions are reconstructed via their decay 
0
!  and the vector mesons
reconstructed via their two or three pion decays. Suppression of b! cl decays
is achieved by requiring the leptons to have momenta greater than 1.5 GeV=c
for the pion decay mode and 2.0 GeV=c for the vector meson modes. Continuum
background is suppressed in a similar way to the inclusive measurement described
above. The energy and momentum of the escaping neutrino is estimated from
the missing event momentum and energy so that an estimate for the B meson's
energy and momentum is obtained. The signal region is dened in terms of
the dierence of the beam-energy and B meson's energy, E, (which should be
close to zero) and the B meson's mass estimated using the beam-energy and
reconstructed B meson momentum. A simultaneous t to the B meson mass
distributions and to the E distributions for each decay mode gives two yields:
the number of decays to charged pions and the number to charged vector mesons.
Isospin relations are used to constrain the neutral meson rates relative to the
charged meson rates. The eciencies and yields are obtained by averaging the


















 0:7 0:5)  10
 4
, where the errors are statistical, systematic, and
the estimated model dependence. Combining both pion and  modes they obtain
jV
ub




, where the errors are statistical, systematic,
and the estimated model dependence.
Chapter 2
The ALEPH detector at LEP
2.1 The ALEPH detector
The ALEPH experiment is one of four operating at the LEP collider at CERN. It
has been collecting data from electron-positron annihilations at a centre of mass
energy of 91.2 GeV, corresponding to the mass of the Z
0
boson, since 1989.
The ALEPH detector is a general purpose hermetic, detector designed to
measure the momenta of charged particles and the energy of charged and neutral
particles, to identify charged particle types and to measure the decay distance of
short-lived particles. More detail can be found on the construction and perfor-
mance of the detector in Refs. [22, 23]. A cut-away view showing the subdetectors
is shown in g. 2.1. This chapter gives a brief description of the detector and its
performance relevant to the analysis presented in this thesis.
2.2 Tracking
2.2.1 Silicon vertex detector
The silicon vertex detector (VDET) measures track positions close to the inter-
action point. The device consists of two concentric layers containing a total of 96
silicon wafers of dimension 5:125:120:03 cm. Each layer consists of faces, four
wafers in length, arranged around the beam pipe such that there is an overlap
16
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Key Subdetector Key Subdetector
a Vertex detector e Superconducting coil
b Inner tracking chamber f Hadron calorimeter
c Time projection chamber g Muon chambers
d Electromagnetic calorimeter
Figure 2.1: superconducting coil and subdetectors.
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Figure 2.2: overlapping wafers for (a) the r view and (b) the rz view.
between adjacent faces. The inner layer has 9 faces at an average radius of 6:5 cm,
and the outer one has 15 faces at an average radius of 11:3 cm. Each wafer has
a 100 m strip readout parallel and perpendicular to the beam direction. Solid
angle coverage is 85% and 69% for inner and outer layers respectively.
The hit resolution is determined by studying near-normal incident tracks with
momentum greater than 2 GeV=c that pass through overlapping layers. Fig. 2.2
shows the distance between the hits in the overlapping wafers. The eective point
resolution is obtained by dividing the widths of these distributions by
p
2 to give
12 m which is used as the hit resolution in the track t.
2.2.2 Inner tracking chamber
The inner tracking chamber (ITC) is a conventional drift chamber which sur-
rounds the vertex detector. It has an inner and outer radius of 13 and 29 cm
respectively and an active length of 2 m. It consists of eight concentric layers
of hexagonal drift cells running parallel to the beam direction. The four inner
layers have 96 cells per layer and the outer four layers have 144 cells per layer.
The drift layers provide up to eight r coordinates for a track with an average
resolution of about 150 m.
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2.2.3 Time projection chamber
The time projection chamber (TPC) is the main tracking subdetector extending
in radius from 31 to 180 cm with a drift length of 2  2:2 m. An electric eld
of about 115 Vcm
 1
causes the ionisation electrons to drift towards the end-
plates where the ionisation charge is recorded by a system of proportional wire
chambers, read out using cathode pads arranged in concentric circles. Up to 21
r coordinates are determined by the position of the ionisation avalanches on
the end-plates, the corresponding z coordinates being determined from the drift
time.
The precision of the r coordinates depends upon accurate knowledge of the
inhomogeneities in the electric and magnetic elds. These inhomogeneities are
determined using the straightness of reconstructed laser tracks (see subsequent
section) and a magnetic eld map, as measured in 1987 [22] for the years 1989{
1994, and a eld model (see chapter 3) since 1994. The precision of the z coor-
dinates depends upon the knowledge of the drift velocity. This is determined by
requiring that tracks from hadronic Z
0
events in the two halves of the TPC come
from the same origin. Measurements with the laser system are used as a compar-
ison and systematic check. The average r resolution is 173 m for leptons from
leptonic Z
0






2.2.4 The TPC laser system
During my time spent at CERN I was responsible for the maintenance and op-
eration of the TPC laser system. The system measures the drift velocity and
gives information on track distortions due to inhomogenities in the magnetic and
electric elds.
System description
A perspective view of the laser system is shown in g. 2.3 with the detail of the
beam transport system shown in g. 2.4. Light at a wavelength of 266 nm is emit-
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Figure 2.3:The TPC laser system.
Figure 2.4:The TPC laser beam transport system.
CHAPTER 2. THE ALEPH DETECTOR AT LEP 21
ted from two frequency doubled Nd-YAG lasers mounted on top of the ALEPH
detector perpendicular to the electron/positron beams. Firstly, the laser beams
encounter the \beam switch" which deects the light from each laser towards one
side of the TPC. The beams are then deected downwards by the \actuator box"
which houses a mirror, movable by four stepper motors, used for ne alignment of
the beams. Each beam is then transported by two 90

adjustable \mirror knees"
to the \splitter ring" which distributes the light into three beams axial to the
electron/positron beam pipe. The splitter ring reects a portion of the incoming
light back to the actuator box for alignment purposes. Each of the three beams
passes through four semi-transparent double mirrors and one pentaprism which
direct a fraction of the light into the TPC at angles of approximately 18, 30, 39,
67 and 90

. A fraction of the original three beams continues through the TPC and
encounters three semiconductor diodes at the opposite TPC wall. These diodes
are segmented into quadrants so that the position of the laser beams can be mon-
itored from the ratio of the read-out pulse heights. Similar quadrant diodes are
also present in the actuator box and entrance to the splitter ring.
Maintenance and operation
The majority of the work was done during the yearly overhaul of the system. All
components in the beam transport system were aligned and the optical compo-
nents of the laser cleaned and re-aligned. The beams were aligned between the
actuator box and splitter ring by adopting an iterative approach whereby the
outer mirror knee was adjusted so that the beam was centred at the splitter ring
and then the inner mirror knee was adjusted so that the beam reected from the
splitter ring was aligned at the actuator box. The iterations were continued until
both the beams in the actuator box and splitter ring were centred. The three
optical tables in each splitter ring were then aligned so that the position of each
of the three beams in the opposite splitter ring were centred.
I was also responsible for operating the laser system to collect data for drift
velocity and eld distortion measurements. Reconstruction of the position of the
lasers beams using the TPC read-out with both the magnetic eld on and o pro-
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vides information on the distortions due to the inhomogeneties of the magnetic
eld. The drift velocity was determined regularly, throughout the operation of
ALEPH, by measuring the time delay between the ionisation from subsequent
laser tracks. The data collected from 100 laser shots determine the drift velocity
to a precision of 0.02% (statistical) and 0.1% (systematic). The dominant sys-
tematic uncertainty arises from the limited knowledge of the double mirrors and
pentaprism angles of reection.
2.2.5 Track reconstruction
Track reconstruction starts in the TPC. Adjacent hits are joined to form track
segments, which are connected together to form tracks consistent with a helix hy-
pothesis. Tracks are extrapolated into the ITC and the VDET and consistent hits
are assigned. Track nding eciency has been studied using Monte Carlo simu-
lation. Tracks in hadronic events with at least four TPC hits are reconstructed
successfully for 98.6 % of cases. Vertex detector hits, per layer, are assigned
correctly for 94 % of cases of isolated tracks within the geometrical acceptance.






events. The ratio of the
beam energy to the track momentum for these muons is shown in g. 2.5. These
muons have stringent hit assignments plus acollinearity and electromagnetic en-














Table 2.1:Momentum resolution for detectors used in the tracking t.
ergy cuts are used to suppress radiative decays. The resulting momentum reso-
lution is displayed in table 2.1.
Long lived neutral particles decaying into two charged particles (V
0
) are re-
constructed by considering all pairs of oppositely charged tracks with at least ve
TPC hits, one of which does not originate from the primary vertex. A three-
dimensional vertex t is performed, the 
2
of which is required to be less than
13. Further cuts are performed on the three-dimensional distance of each track
to the vertex and the angle between the V
0
ight direction and its momentum.
2.3 dE=dx measurement
Measurement of the specic energy loss by ionisation, dE=dx, is important for
separating electrons, pions, kaons and protons. Hits are associated to the sense
wires by projecting around the track helix position in a simple drift time window.
Each track can have up to 338 dE=dx measurements, corresponding to the num-
ber of sense wires in the TPC. Wire pulses which do not have a shape consistent
with a single track are rejected, as are pulses that match multiple tracks. The
wire hits are ordered by pulse height and when calculating the mean, the high-
est 40% are removed to suppress uctuations due to the long tail of the Landau
distribution.
The pressure dependence of the eective gain is measured using minimum
ionising pions with momenta in the range 0.3 to 0.6 GeV=c and the gain is nor-
malised such that minimum ionising particles have hdE=dxi  1. The resolution
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Figure 2.6: Measured dE=dx versus momentumfor 40,000 tracks. The tted parametrisation
is superimposed on the data.
is assumed to have a particular functional form, the coecients of which are de-
termined using tracks from hadronic Z
0
decays. The dependence of the mean
dE=dx on track momentum also is parametrised from data and superimposed on
a sample of data in g. 2.6. The position of the relativistic rise (the height of
the plateau) is found to be 1.66. The performance of the dE=dx measurements,
separating the dierent particle species, is shown in g. 2.7 and indicates the av-
erage separation in standard deviations between particle species calculated using
the resolution and momentum dependent parametrisations mentioned above.
2.4 Calorimetry
2.4.1 Electromagnetic calorimeter
The electromagnetic calorimeter (ECAL) is a lead/wire chamber device compris-
ing a barrel and two end-caps, each subdivided into 12 modules which individu-
ally subtend an azimuthal angle of 30

. Each module consists of 45 lead and wire
chamber layers with a total thickness of 22 radiation lengths. Cathode pads are
used to read out the position of each shower. The pads, of approximate dimension
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Figure 2.7: Average dE=dx separation in standard deviations versus momentum, determined
using all tracks in hadronic Z
0
decays which have at least 50 dE=dx measurements and are
separated in z by at least 3 cm.
30  30 mm
2
, are arranged in towers pointing towards the interaction point and
subdivided in depth into storeys corresponding to 4, 9 and 9 radiation lengths.





Energy calibration is determined using electrons from Z
0
decays covering the
energy range 1 to 45 GeV. All storeys recording an energy above 30 MeV, and
sharing at least a storey edge or corner, are joined together to form clusters. The
energy of each cluster is corrected for energy losses due to storey threshold, ioni-
sation loss for charged particles, and leakage of electromagnetic showers not fully
contained within the 22 radiation lengths. Correction for the non-linear response
of the device is made using test beam data. Energy resolution is determined by









The polar and azimuthal angles are determined by forming the energy weight-
ed mean of the relevant angle of all storeys within a cluster. This is then corrected
using the deviation from the expected value obtained with the tracking informa-
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The hadron calorimeter (HCAL) is similar in construction to the ECAL. The
barrel contains 24 modules and each end-cap 6 modules, each of which is subdi-
vided into 23 layers of 1 cm wide plastic streamer tubes separated by 5 cm thick
iron slabs. Cathode pads are arranged in towers pointing towards the interaction




(64:6mrad  64:6mrad). A two-
dimensional projection of the energy deposition is produced by recording digital
(on/o) signals for each streamer tube.
Clusters are reconstructed in a similar way to the electromagnetic calorimeter.
The energy calibration is checked with pions from single-prong  decays, resulting









Surrounding the HCAL are two layers of muon chambers separated by 50 cm,
each layer consisting of two (orthogonal) planes of streamer tubes yielding two
sets of orthogonal coordinates for a particle passing through both layers.
2.4.3 Photon and neutral pion reconstruction
Photons and neutral pions are reconstructed using information from the ECAL.
Storeys in the rst segment in depth of the ECAL are searched for in order of
decreasing energy. Clusters are formed starting from a storey which does not
share a face with a more energetic storey. Storeys are then assigned to their
highest energy neighbour. This procedure is repeated with the second and third
depth segments, each time considering neighbours in the previous depth segment.
The azimuthal and polar position of the photon is calculated as described in
section. 2.4.1. The resulting clusters are accepted as photon candidates if their
energy is above 0.25 GeV and no charged track is closer than 2 cm to the photon.
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The photon energy is reconstructed from the energy in the four central towers
and the parameterisation of the shower prole for a single photon. The resulting





All combinations of two photons form 
0
candidates. A t is performed con-
straining the reconstructed 
0
mass to its nominal value. At low 
0
energies
the t varies the photon energies with the opening angle xed, whereas at high





Identication of electrons and muons are described in detail in the subsequent two
sections. Common to both are tracking requirements that reduce contamination
from hadrons which decay in ight to a muon and from photon conversions. These
requirements are:
 The candidate track's angle with respect to the beam axis must be greater
than 18:2

to ensure that at least six TPC pad rows are crossed.
 The number of TPC hits used in the candidate's track helix t must be at
least ve.
 The candidate track must originate from a cylinder of radius 0.5 cm and
length 20 cm coaxial with the beam and centred on the nominal collision
point.
2.5.1 Electron identication
Electron identication relies on both dE=dx measurements and the energy depo-
sition in the ECAL. Cuts are applied to normally distributed estimators to select
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where I is the measured dE=dx, hIi is the expected dE=dx for an electron and

I
is the dE=dx resolution. Tracks are required to have at least 50 measurements
of dE=dx to ensure a reliable measurement of R
I
.
Both the transverse and longitudinal shape of the energy deposition in the




. The transverse estimator
reects the compactness of the shower and is most useful at rejecting hadrons with
high momentum. It is dened using the four towers closest to the extrapolated
















is the energy in the four towers, p is the momentum of the track mea-
sured in the TPC, hE
4
=pi is the mean energy fraction deposited by an electron in




is the expected resolution for E
4
=p. The mean hE
4
=pi
is independent of track momentum and is measured to be 0.85 for the barrel and
0.89 for the end-caps.














where the quantity X
L





















is the energy deposited in storey i at depth segment j and S
j
is the
mean depth of the energy deposition in depth segment j.
Electron candidates are required to have a momentum greater than 3 GeV=c




>  1:6 and  1:8 < R
L
< 3:0. The separating
power of the electron estimators is shown in g. 2.8.
Electrons are rejected if they are found to originate from a photon conversion.
Conversions are found by pairing each identied electron with all the oppositely
charged tracks in the event. The distance between the tracks at closest approach
in both the r and r planes, and the mass of the pair assuming electron masses
for each track is determined. For the pair to be considered a photon conversion
both distances must be less than 1 cm and the mass smaller than 20 MeV=c
2
.




























Figure 2.8: (a) Distribution of R
I





estimators. The shaded part represents electrons and the hatched part




for a sample of tracks from data and enriched with





The eciency of the electron selection is calculated using electron-positron
pairs from photon conversions, identied in the data as described above. An
electron purity of 98% is obtained by applying calorimeter and dE=dx cuts to
the other track. The average eciency is determined to be 0:655  0:005.
The purity of the electron selection is determined from the dE=dx information.
Fig. 2.8(a) shows the R
I
distribution, for electrons identied in the data using
the calorimeter cuts described above, tted with a Gaussian electron component
plus a hadronic contribution, the shape of which is taken to be the distribution
of tracks selected as hadrons using R
T
<  2:3 and R
L
<  2:3. The hadronic
contamination is then the hadronic part with R
I
>  2:5. The resulting average




Muons are identied using information from the HCAL and muon chambers.
Candidate tracks are extrapolated through the HCAL using a detailed magnetic
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Figure 2.9: Data distributions used in selecting muon candidates. Muons are shown as
points and pions as the histogram.
eld map, together with its estimated energy losses. The number of red planes,
N
re
, is dened as the number of planes that have a digital hit in a window
around the extrapolated track with a width three times the uncertainty in the
extrapolation due to multiple scattering eects. Planes are counted only if the
number of adjacent ring tubes is less than four. The number of expected planes,
N
exp
, is dened as the number of planes that have an active region within the
window around the extrapolated track. A quantity X
mult
is dened as the ratio
of the number of digital hits in the last eleven planes nearest the muon chambers
within a wider window (expanding from 20 cm to 30 cm) and the number of
red planes. This quantity represents the average hit multiplicity per red plane.
Muon chamber hits are associated to the candidate track if the distance between
hit and the extrapolated track is less than four times the uncertainty due to
multiple scattering.









> 4 and X
mult
< 1:5, where N
10
is the number of
red planes within the last ten nearest the muon chambers expected for a track.
Additionally, at least one associated muon chamber hit is required. Fig. 2.9 shows







 decays. If two particles share digital hits and are both identied as muons the
one with the minimum track to hit distance in the muon chambers is chosen.
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Muon identication eciency is determined over the whole of the HCAL and






decays, the average value is found
to be 0.86. Hadron misidentication can occur from hadrons that traverse the
depth of the HCAL or by pions or kaons that decay in ight to muons. The
misidentication probability is assessed using pure samples of hadrons from 
and K
0
decays and measured to be about 0.8%.
2.6 Energy ow
Energy ow is the ow of energy out of the detector. In principle all particles,
excluding neutrinos, should deposit energy in various parts of the detector. The
energy ow reconstruction attempts to account for each of these energy deposits
in a systematic way.
Energy ow reconstruction starts with the removal of badly reconstructed
tracks and calorimeter noise. Charged tracks are required to have at least four
hits in the TPC and originate from a cylinder coaxial with the beam axis, centred
on the nominal interaction point and of length 20 cm and radius 2 cm. At least 8
TPC hits and one ITC hit are required if the reconstructed momentum is greater
than 15 GeV=c. Charged tracks that fail the above cuts are accepted if they come
from the decay of a V
0
with an origin within a cylinder of length 30 cm and radius
5 cm. Noisy channels in the ECAL and HCAL, identied by observing them in
consecutive events, are not used in cluster nding. Occasional noise is detected
and removed if the cathode and wire signals are incompatible.
Neutral hadronic energy is reconstructed using both ECAL and HCAL energy
deposits. For this reason, calorimeter energy associated with charged tracks and
neutral electromagnetic objects needs to be carefully removed. Identied photons
and 
0
s are counted as neutral electromagnetic energy and the clusters forming
these objects are removed from the ECAL. Energy deposits in the ECAL associ-
ated to identied electrons are removed. If the dierence between the energy and
the track momentum is greater than three times the expected resolution then this
excess of energy is associated to a bremsstrahlung photon and counted as neutral
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electromagnetic energy. For charged tracks identied as muons, a maximum of 1
GeV from the closest ECAL object and a maximum of 400 MeV per red plane
around the extrapolation of the track through the HCAL is removed.
Charged tracks are counted as charged energy assuming they are pions. Re-
moval of calorimeter energy associated with charged hadrons is not attempted,
instead neutral hadrons are identied as a signicant excess of energy in the
calorimeters. Energy in the ECAL is scaled by the ratio of the response to elec-
trons and pions. The energy in associated ECAL and HCAL clusters is summed
and compared with the energy of any associated, charged track. If the calorimeter
energy exceeds the track energy and the excess is larger than the expected resolu-
tion and is greater than 500 MeV then the excess is counted as neutral hadronic
energy. The result of this procedure is a set of energy ow objects divided into
electrons, muons, neutral electromagnetic objects (photons) and charged and neu-
tral hadrons. The energy ow objects are expected to be a close representation
of the stable particles produced in the annihilation, with the obvious exception
of neutrinos which can be inferred from missing energy.
The total energy for a sample of hadronic events at the Z
0
peak which are
well contained in the detector (no energy within 12

of the beam axis or less than
10% of the total energy within 30

of the beam axis) is shown in g. 2.10(a). The
Gaussian t yields a central value of 90.5 GeV, compared with the centre of mass
energy of 91.2 GeV, with width 6.2 GeV. The lower value comes from neutrinos
which escape from the detector undetected. The invariant mass versus number
of particles is plotted in g. 2.10(b) showing the separation between event types.
The resolution as a function of energy is determined using hadronic events con-
taining an energetic and isolated photon. The object recoiling against the photon
provides a sample of events whose energies, neglecting the photon, are below the
centre of mass energy and can be determined from the accurate measurement of
the photon energy. The resolution is measured to be

E
= (0:59  0:03)
q
E=GeV+ (0:6  0:3)GeV:
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Figure 2.10: Energy ow performance, (a) shows the total energy for well contained hadronic
events and (b) the invariant mass versus number of particles.
2.7 Luminosity measurement
The luminosity is measured from small-angle Bhabha scattering for which the
cross section is well known. Two calorimeters consisting of twelve layers of
tungsten and silicon are positioned either side of the interaction point at a
distance of  250 cm. The angular coverage is 24 to 58 mrad with respect













ber of Bhabha events passing selection cuts and 
corr
is the corrected Bhabha
cross-section. The resolution on the luminosity measurement is estimated to be
0.09% for 1992 data.
2.8 Trigger performance
The event rate in electron-positron annihilations at a centre of mass energy of






is about 4-5 Hz. The
trigger exploits the relatively low rate to collect interesting events with  100%
eciency. Four main trigger signals are used.
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1) The total-energy trigger demands energy deposits in the ECAL of > 6 GeV
in the barrel, > 3 GeV in either end-cap or > 1:5 GeV in both end-caps.
2) The electron-track trigger demands track segments in the ITC in coin-
cidence with an energy deposit of greater than 200 MeV in the ECAL in the
direction of the track.
3) The muon-track trigger demands track segments in the ITC in coincidence
with HCAL hits consistent with a penetrating particle.
4) The back-to-back trigger demands two back-to-back track segments in the
ITC.
The dierent classes of Z
0
decays are collected using combinations of the above
triggers. Hadronic Z
0
decays are collected using the total-energy and muon-track
triggers. The combined eciency is determined by comparing the rates for one
or both triggers ring and is greater than (99:99  0:01)%. Muon and tau pair
events are both collected using the muon-track, electron-track and back-to-back
triggers. The eciency for both classes of event is nearly 100%. Electron pair
events, which deposit energy in the ECAL only, are triggered with an eciency of
100% using the total-energy trigger. The uncertainty on the trigger ineciencies
for leptonic Z
0
decays of 0.05% is limited by statistics.
A dierent triggering approach is adopted for the small-angle Bhabha events
used to measure the luminosity. Two triggers are used; one demanding a large
energy deposit in one of the luminosity calorimeters and the other demanding a
smaller energy deposit in both luminosity calorimeters. The overall eciency is
100  0:01%.
2.9 Summary
The ALEPH detector has been shown to have excellent tracking, calorimetry and
particle indentication performance. The analysis of semileptonic B meson decays
presented in this theses makes full use of the detector. Lepton identication
uses tracking, dE=dx measurement, the energy deposition and granularity of the
ECAL and information from the HCAL and muon chambers. Additionally, the
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measurement of branching ratios needs an accurate determination of the total
number of mesons which is achieved via the luminosity measurement.
Chapter 3
Improvements to the ALEPH
magnetic eld
3.1 Motivation and introduction
The uniformity of the magnetic eld has important implications for charged track
reconstruction. Distortions to the eld cause the ionisation deposits in the TPC
to dier from the expected helical distribution and hence degrade the parameters
extracted from the track t. Reconstructed momentum is one of the parameters
aected. It depends on the position and direction of the track within the TPC.
Angular distortions diminish the accuracy of charged track extrapolation into
other sub-detectors and aect, for example, the assignment of energy deposits to
the tracks. For instance, this could cause ineciencies in electron identication,
where the energy deposit is used to discriminate between particle species.
As distortions undoubtedly exist in the magnetic eld it is important to de-
termine them accurately so that the tracking data can be corrected and thus
minimize the eects outlined above. These reasons have motivated a schedule of
improvements in all areas of tracking including the electric and magnetic elds.
This chapter describes the work done to improve the knowledge of the magnetic
eld.
A model for the ALEPH magnetic eld was produced based on the eld map
36
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as determined in the 1987 survey measurement [22, 24]. The magnet consists
of a super-conducting solenoid and the HCAL iron, which acts as the return
yoke for the magnetic ux. The solenoid extends in radius from 248 to 292
cm, is of length 7 m and produces a nominal eld of 1.5 T at a current of 
5000 A. All three components of the magnetic eld were measured directly using
correspondingly orientated Hall probes. The aim was to measure small deviations
from a homogeneous axial eld of 1.5 T with a precision of better than 1 Gauss.
The model exploits the high redundancy of Maxwell's equations in order to
improve on the raw measurements and to construct a self-consistent parametriza-
tion of the eld by extracting as much information as possible from the axial eld
component, B
z
. For this component, the eects of small geometric misalignments
only enter in second order and can be neglected. In addition, the data collected
at one radial surface were all obtained with the same Hall probe, i.e. for the
inhomogenities measured at a xed radius uncertainties due to the relative cali-
bration of all Hall probes cancel. In fact, the method described here allows those
relative calibrations to be checked and adjusted. Essentially it is a straightfor-
ward application of standard techniques in dealing with boundary problems for
partial dierential equations: a set of homogeneous Maxwell's equations is solved
in cylindrical polar coordinates by separation of variables, the general solution
being a series expansion. The coecients for this expansion are then determined
by integration over parts of the measured eld map.
The remainder of this chapter describes the model in detail with section 3.2
giving an account of the eld measurement. Section 3.3 describes the series
expansion solution to Maxwell's equations and the determination of the expansion
coecients by integration over the eld map. Section 3.4 examines the results of
the model and compares the residuals between the modelled and measured elds.
Conclusions are drawn and a comparison of tracking distortions observed with
the modelled and measured elds are made in section 3.5.
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Minimum value Maximum value Step size







Radially 42.5 cm 162.5 cm 20 cm
177.5 cm 227.5 cm 10 cm
Table 3.1:Positions at which eld measurments were taken.
3.2 Measurement of the magnetic eld
The full details of the measuring apparatus and measurement of the eld can be
found in Refs. [22, 24, 25]. What follows is a brief description of the procedure.
The whole magnet with coil and yoke was assembled. The measuring appara-
tus consisted of Hall plates mounted on two radial arms which could be rotated
around the cylindrical eld volume and translated along its length. The Hall
plates were mounted in sets of three (to measure the three eld components) at
13 dierent radial positions on each arm. The two arms enable measurements at
 and  + 180

to be carried out simultaneously.







) at 11063 positions throughout the eld volume.
The positions of these \grid points" at which the measurements were taken are,
axially from  220 to +220 cm in steps of 20 cm, radially from 42.5 to 162.5 cm







steps. These positions are summarised in Table 3.1.
The relative miscalibration of the Hall probes is observed to aect the axial
component, B
z
only. The eect of this is to add a constant to each of the mea-
surements of B
z
taken by each individual Hall probe. These osets are less than
10 Gauss. Figure 3.1 illustrates this, the two plots (a) and (b) show the inho-
mogeneities in the z-component of the measured eld (the measured eld minus




on z = 0.
(b) End view of (a).
Figure 3.1: Illustration of suspected Hall probe miscalibration. The plots depict the inho-
mogeneities in the z-component of the measured eld for the axial surface at z = 0 as a function
of radius and azimuth. Each marked radius corresponds to a Hall probe position.
15000 Gauss) as a function of radius and azimuth on the axial surface z = 0. One
would expect a reasonably smooth variation of the eld with radius, instead one
sees \kinks", particularly at r = 82:5 and r = 177:5 cm.
3.3 The model
3.3.1 Details of the model
The eld volume was taken to be a cylinder of radius 227.5 cm and length 440 cm
1
.
It was assumed that this volume is a vacuum and free of sources. Under these
conditions the magnetic eld, B, satises the homogeneous Maxwell's equations
r:B = 0;
1
This approximately corresponds to the volume containing the ECAL.
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rB = 0: (3.1)
By introducing the magnetic scalar potential, , dened by B =r, equations




A solution to this was attempted by separation of variables in cylindrical polar
coordinates, with (r; ; z) = R(r)T ()Z(z). The form of the azimuthal solution
is always
T () = A sin(n) +B cos(n); (3.2)
where A and B are arbitrary constants and n = 0; 1; 2; : : :. The radial and axial
solutions take three forms depending upon the separation constant. They are
















(r) are Bessel and modied Bessel functions respectively,
 > 0, n = 0; 1; 2; : : : and A, B and C are arbitrary constants, which obviously
dier for each of the three forms. These functions form a complete set, with the
general solution for  being an innite sum over these.
As the axial component of the eld is the largest its accuracy is also better than
the other components. Also, any rotation of the Hall probes that measure the
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radial or azimuthal components will add a certain amount of the axial component
onto the measurements of these two components and introduce systematic eects.
For these reasons one would like to use the axial eld component to determine
as many of the expansion coecients as possible. The z-component of the eld,
B
z
, is obtained from
B
z




The eld was periodically extended in the z-direction so that the contribution to
the B
z
expansion from equations (3.2), (3.3) and (3.5) form, for a given constant
radius, a double Fourier series in  and z (see Appendix A). This radius was




The model for the axial component, B
Model
z



































































































































where A to H are the expansion coecients and the terms involving the sum of
a sine and a cosine have been rewritten as cosines with arbitrary phase factors.
When r = r
max
the rst three terms form a double Fourier series and as such they
completely specify the z-component of the eld on the r = r
max
radial surface.
The fourth and fth terms must therefore be zero at r = r
max
and this is ensured
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in the argument of the Bessel functions, where 
nm
is the
mth zero of the nth Bessel function.
















































































































































































































The choice of this division will become clearer later on.
The expansion for B
z
involves all the parts of  except for the z-independent
part coming from the constant term in equation (3.5). This contribution occurs
in both the radial and azimuthal expansions. As the radial component of the eld
is larger and consequently more accurately known, it is used to determine this
contribution. The radial expansion is obtained by dierentiating  with respect























































































































































are the rst derivatives of the Bessel and modied Bessel functions
respectively. The rst ve parts are determined from the \Type I", \Type II" and
\Type III" expansions, which are determined exclusively from the z-component













cos (n + L
n
) : (3.11)


















As stated before, the radial osets aect only the axial components. In addition
the eld at r = 0 was not measured, the axial component of this is needed
in some of the integrations that determine the expansion coecients. In the
measured eld map the eld at r = 0 is set to zero. Symbolically, these eects




(r; ; z) +B
z
(r = 0; z) = B
Corr:
z






is the measured eld map and B
Corr:
z
is the measured eld map
corrected for the osets and the eld at r = 0. The osets, C
z
(r), depend only on
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r, taking values only when r is equal to the position of a Hall probe. The oset
for the Hall probe at r = r
max
= 227:5 cm is taken to be zero. The eld at the
centre, B
z
(r = 0; z) depends upon z only. Both the osets and the eld at r = 0
need to be determined. One then hopes that the model will be approximately








In fact the radial osets and eld at r = 0 only present a problem in deter-
mining the coecients for the \Type II" and \Type III" expansions, equations
(3.8) and (3.9). This is described in sections 3.3.5 and 3.3.6.
3.3.3 Determination of the coecients
The coecients are determined by integration over certain parts of the measured
eld map weighted by various functions as given in appendix A. Generally the
integration will be over two of the coordinates (r; ; z) for some xed value of the
remaining one. To enable the integration to be performed with sucient accuracy
it is necessary to interpolate between the points at which the measurements where
taken.
To do this, cubic spline interpolation with free boundary conditions is used.
Essentially, this produces values of the eld on a two dimensional grid, such that
the grid spacing is ner than in the measured eld map. The spacing is such
that there are 2
k
  1 new grid points between the original values, with k being
a chosen integer. After this procedure the integration is carried out numerically
under the assumption that the eld varies linearly between the new grid points.
3.3.4 Coecients for the double Fourier series expansion,
\Type I"
The coecients for the double Fourier series, expansion (3.7) were determined
by integration over the measured eld map at r = r
max
. As already mentioned,
the radial oset is set to zero here and so the miscalibration does not present a
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problem. However, the 2z
max
periodic extension of the eld in the z-direction is
discontinuous at z = z
max
, and this causes the double Fourier series expansion
to uctuate considerably at these points. A smooth extension of the eld that is
continuous and has a continuous rst derivative at z = z
max
is thus desirable.
Such an extension with period 4z
max
is given by

















< z <  z
max
;








< z < z
max
;

















< z < 2z
max
: (3.13)





; ; z) to determine the co-
ecients
2
. The integrals used to determine the coecients simplify to integration










; ; z) (see
Appendix A). This expansion gives much better results, especially at z = z
max
.
3.3.5 Coecients for the double Fourier-Bessel series,
\Type II"
These are the coecients for the expansion (3.8). Firstly, the contribution from




to give, symbolically, B
Hall I
z
(r; ; z). This is expanded according to the sum of
the two expansions (3.8) and (3.9). For constant z, these form two Fourier-Bessel
series. Particular combinations of B
Hall I
z
at the two values z = z
max
give each









































































































where the summation over n includes both expansions (3.8) and (3.9).
However, determination of these coecients involves integration over r (See
Appendix A) and thus depends upon the miscalibration osets and the eld at
r = 0. When n > 0 there is, in fact, no real problem as the integration of these
combinations multiplied by either a sin(n) or a cos(n) term around  removes
any -independent parts. Thus, it removes both the radial osets, C
z
(r), and
the eld at r = 0, B
z







as desired. These are the \Type II" parts of the model,
the \Type III" parts are those when n = 0. The coecients with n > 0 were then
determined by integration over these combinations of the measured eld map.
3.3.6 Coecients for the double Fourier-Bessel series,
\Type III"
The \Type III" parts are given by expansion (3.9). The determination of these
coecients presents a problem because there is no integration around  of the sine
or cosine. To get around this the following was done. Firstly, the contribution
from the \Type I" and \Type II" parts were subtracted from the measured eld
map, to give B
Hall I II
z
. It is then possible to choose combinations of B
Hall I II
z







































































































Unfortunately it does not remove the contributions from the eld at r = 0, as
these are z-dependent. The eld values at r = 0, z = 0;z
max
were obtained by a




, the two combinations























(r = 0; z = +z
max
):
The dierence between the corrected eld map, B
Corr:
z
(corrected using these pa-
rameters and the radial osets extracted by the model), was then minimised and




tion is performed using Simplex minimisation plus Gauss-Newton steps. Once
the minimisation had converged the radial osets and the eld at r = 0 were
extracted.
3.3.7 Axially independent coecients, \Type IV"




for the expansion (3.11). Subtracting the
contributions from all other parts of the model gives, B
Hall I II III
r




which is given by expansion (3.11). For constant r, this is a one dimensional
Fourier series in . Again r = r
max
was chosen, as the radial oset is zero here,
and the coecients determined.
3.4 Results
3.4.1 The \Type I" expansion
Figure 3.2 shows the results from the double Fourier series expansion. These
plots are for r = r
max
, with maximum expansion orders of 40 for  and 50 for z.
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(a) Hall map. (b) \Type I" terms.
(c) Dierence (map   \Type I"
terms).
(d) Dierence (map   \Type I"
terms).
Figure 3.2: Results of \Type I" expansion. Each gure depicts B
z
on the r = r
max
radial
surface as a function of z and .
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The level of spline interpolation used is such that there are 31 new grid points




Figure 3.2(a) shows the imperfections in the z-component of the measured
eld (the measured eld minus 15000 Gauss), as a function of z and , at r =
r
max
. Figure 3.2(b) shows the result of the model and 3.2(c) and (d) shows the
dierence between map and model, where (d) is a projection onto the z-axis of (c).
The magnitude of the dierence is everywhere less than about 0.5 Gauss, but it
exhibits a periodic structure. The source of this structure is not well understood,
perhaps it is a result of the coarseness of the measured eld map grid or perhaps
due to the particular periodic expansion used (equation 3.13). The origin of the
spike at z =  220 cm,  = 0

is also not understood.
3.4.2 The \Type II" and \Type III" expansions
Figure 3.3 illustrates the results from the double Fourier-Bessel series expansion.
The plots shown are for z = +z
max
, with maximum expansion orders for the
\Type II" expansion of 20 for r and 20 for  and for the \Type III" expansion of
30 for r and 20 for . Spline interpolation was such that there are 15 new grid
points between existing ones, corresponding to grid spacings of 0:625

for  and
6.25 or 12.5 mm for r.
Figure 3.3(a) shows the measured eld map minus the contribution from terms
of \Type I", the Hall probe miscalibration is readily seen. Figure 3.3(b) shows the
same, with corrections for the miscalibration osets and for the eld at r = 0, this
is what the \Type II" and \Type III" expansions should model. Figure 3.3(c)
shows the result of the model and gure 3.3(d) shows the residual dierence
between map and model. Some residual eects of the miscalibration can be seen.
These come from the fact that the measured eld map minus terms of \Types I"
and \Type II" is assumed to be independent of azimuth which is not quite true
in practice. The spike at r = 0 is mainly due to the fact that the minimisation
procedure which determines the eld at this point has not exactly converged.
CHAPTER 3. IMPROVEMENTS TO THE ALEPH MAGNETIC FIELD 50
(a) Hall map   \Type I" terms. (b) Hall map   \Type I" terms,
corrected.
(c) \Type II" + \Type III" Terms. (d) Dierence (map   model).
Figure 3.3: Results of \Type II" and \Type III" expansions. Each gure depicts B
z
on the
z = +220 cm axial surface as a function of r and .
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Also, the azimuthal independence assumption aects the minimisation procedure.
Apart from r = 0 the dierence is well below 0.2 Gauss.
3.4.3 The complete B
z
expansion
The model for B
z
is now fully determined. For each of the radii at which there
was a Hall probe we can look at the residuals between the Hall probe map and
the result of the model. These residuals should just show random uctuations in
eld strength centred around the oset for that radius. Figure 3.4 shows this for
all the Hall probes except the one at r = r
max
. Each of the plots is a surface plot
of these residuals viewed end-on so that the  axis goes into the page. This is
done for clarity as the majority of the structure is z-dependent. The maximum
magnitude of the uctuations is always less than about 0.3 Gauss, but there is
some structure which becomes more apparent as r decreases.
3.4.4 The \Type IV" and complete B
r
expansions
Figure 3.5 and 3.6 illustrate the results from the z-independent expansion on
r = r
max
. These results are for a maximum order of 30 in the expansion (3.11)
and spline interpolation such that there were 31 new grid points, corresponding
to a spacing of 0:3125

for .
Figure 3.5(a) shows the measured eld map for the radial component of the
eld. Figure 3.5(b) shows the contributions from the \Type I" terms, (c) from the
\Type II" terms and (d) the \Type III" terms. Figure 3.6(a) shows the measured
eld map minus contributions from all other terms; this is what the expansion
should represent. The eld is not z-independent, and therefore it will not be well
modelled by the \Type IV" expansion. In addition there is no constant term
in expansion (3.11), whereas in Fig. 3.6(a) there is a constant oset of about
13 Gauss. Figure 3.6(b) shows the result of this expansion and (c) shows the
residual between (a) and (b). It shows an average dierence of about 13 Gauss
with uctuations of a maximum magnitude of about 6 Gauss.
The plots shown are for r = r
max
where the \Type I" and \Type IV" terms
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Figure 3.4: B
z
residuals for all Hall probe radii except r = r
max
. Each solid horizontal line
is the calculated oset. The vertical scale is in Gauss.
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(a) Hall probe map. (b) Contribution from \Type I".
(c) Contribution from \Type II". (d) Contribution from \Type
III".
Figure 3.5: Results of \Type IV" expansions. Each gure depicts B
r
on the r = r
max
radial
surface as a function of z and .
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(a) Hall map minus contributions
from \Types I,II and III".
(b) \Type IV" terms.
(c) Residual between map and
model.
Figure 3.6: Results of \Type IV" expansions. Each gure depicts B
r
on the r = r
max
radial
surface as a function of z and .
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should be most accurate. The residuals between the Hall probe map and the
model for other radii are shown in Figure 3.7. These show an average dierence
between the Hall probe map and model that decreases with decreasing radius and
a uctuation about that average of about 6 Gauss in each case.
3.4.5 The complete B

expansion
When all the expansion coecients have been determined, the azimuthal com-
ponent, B

, for the model can be obtained and compared to the measured eld.
Similar plots to those discussed in the previous section for the radial component
are shown in gures 3.8 and 3.9 for the azimuthal component. Again, these plots
are for r = r
max
. Figure 3.8(a) shows the measured eld map and gure 3.8(b)
shows the contribution from the \Type I" terms. Figure 3.8(c) shows the dier-
ence between the measured eld map and \Type I" terms; the \Type II" and
\Type III" contributions are zero here. This should again be z-independent,
which it clearly is not. Figure 3.8(d) shows the contribution from the \Type IV"
terms, and gure 3.9 shows the dierence between map and model for four dif-
ferent radii. The average dierence is close to zero but the maximum magnitude
of the uctuations is about 6 Gauss. However, there is less structure compared
to the results for the radial component. As one extrapolates to inner radii the
average dierence and magnitude of the uctuations remain roughly constant
although the residuals begin to show more structure.
3.5 Conclusions
The parametrization determined for the axial component is good throughout the
whole eld volume, with the residuals between measured eld map and model be-
ing typically less than 0.3 Gauss (gure 3.4). In addition, it was possible to adjust
the relative calibration of the Hall probes at the dierent radii. Figures 3.3(a)
and gures 3.3(b) show the eect of this adjustment.
Most of the small (radial and azimuthal) eld components are xed once the
axial eld is known. The coecients of those transverse eld components which
CHAPTER 3. IMPROVEMENTS TO THE ALEPH MAGNETIC FIELD 56
Figure 3.7:B
r
residuals for four radii as a function of z and .
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(a) Hall map. (b) Contributions from \Type I"
terms.
(c) Dierence (Hall map   \Type
I").
(d) Contribution from \Type IV"
terms.
Figure 3.8: Results for B

expansions. Each gure depicts B

on the r = r
max
radial surface
as a function of z and .
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Figure 3.9:B

residuals for four radii as a function of z and .
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are independent of the axial eld were determined from the radial components at
the outermost radius. With the full model the average residual between measured
eld map and model for the radial component on r = r
max
is found to be about
12 Gauss with uctuations of less than 6 Gauss. The average dierence becomes
smaller as one extrapolates to inner radii, but the structure remains unchanged.
For the azimuthal component on r = r
max
the average residual is approximately
zero Gauss with uctuations of less than 6 Gauss. More structure in the azimuthal
residuals develops as one extrapolates to inner radii.
Several explanations for the discrepancies between model and eld map are
possible: either the small components of the magnetic eld are badly measured,
or the main component has some systematic problems, or the model has some
numerical problems in determining the coecients. The latter might be due to
the fairly coarse spacing between points, the spline interpolation or the periodic
extension of the map outside the measured volume.
The regular structure of the radial residuals shown in gure 3.7 (which is
similar for all Hall probe radii) indicates a systematic eect in the measurement.
In fact a simple misalignment of the measuring apparatus can broadly explain
the shape of these residuals. The misalignment considered was a bending of the
axis of the measuring apparatus in the vertical plane due to gravity such that the
centre is  0:4 mm below the ends and an angular misalignment of  0:1 mrad,
also in the vertical plane. These are less than the measurement errors quoted for
the radial and angular misalignment of 0.5 mm and 0.3 mrad respectively [24].
Figure 3.10 shows the calculated pickup from the nominal 1.5 T axial component
introduced on the radial component. The agreement in shape between this and
the radial residuals is remarkable. However, the non-zero average is not explained.
The model has been used in the ALEPH track reconstruction algorithm since
1994. Muon pair events are used to measure tracking performance. A single helix
is tted to both muons using VDET and ITC information and then extrapolated
into the TPC and compared to the TPC hits. The track residual is the total
distance between the hits and the helix in either the z or  direction. Figure 3.11
shows the z and  residuals for samples of data with the magnetic eld determined
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Figure 3.10: Eect of geometrical misalignments of the measuring apparatus. The plot
shows the B
r
pickup from a bending of the beam of sagitta 0.4 mmplus an angular misalignment
of 0.1 mrad.
from the measured eld map and from the modelled eld. There is no discernable
dierence with the possible exception of the mean of the z residual which is
+4:3 m for the modelled and  6:3 m for the measured eld. The apparent lack
of improvement is believed to be due to the electric eld distortions, which are not
well determined and are of similar magnitude to the magnetic eld distortions.
Recent work using this eld model plus improvements in other areas of track
reconstruction has lead to a good improvement in tracking accuracy. Samples of
electron and muon pair events that have passed stringent selection cuts to ensure
that their momenta are close to the beam energy were used to examine track
reconstruction by comparing between original data (with no tracking improve-
ments) and reprocessed data (with tracking improvements). Figure 3.12 shows
the momenta of reconstructed muon tracks versus the track's dip angle for (a)
the original data and (b) reprocessed data and gures 3.13 (a) and (b) show the
same plots for electrons. The original data show dip angle dependent and charge
dependent distortions of about 1 GeV=c over central values of the dip angle. The
reprocessed data show a considerable improvement over the centre of the dip an-
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(b) TPC z residual.
Figure 3.11: TPC z and  residuals for measured and modelled magnetic eld. Information
in the top right of each plot refers to the modelled eld.
(a) Original processing. (b) Reprocessed.
Figure 3.12:Momenta of tracks from muon pair events versus dip angle, 
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(a) Original processing. (b) Reprocessed.
Figure 3.13:Momenta of tracks from electron pair events versus dip angle, 
gle range, although the momenta reconstruction is worse at the extremes of the
dip angle. Overall there is a signicant improvement to the tracking performance.
Chapter 4
Overview of the analysis
This chapter presents an overview of the structure of the analysis with subsequent
chapters describing its implementation in detail.
Chapter 5 describes the measurement of the lepton identication eciency
and misidentication probability. Chapter 6 describes the suppression and esti-
mation of backgrounds to the signal process. The signal extraction is presented
in chapter 7 and conclusions are drawn in the subsequent chapter.
4.1 Bottom meson production
The LEP environment provides a plentiful source of bottom mesons. Bottom
mesons are produced from the hadronisation of bottom quarks coming from the
decay, Z
0
! bb. The fraction of Z
0
bosons, in hadronic decays, that decay
this way is ,(bb)=,(hadrons) = 0:2210  0:0029 [20]. Dierent bottom hadrons
are produced in the hadronization process as listed in table 4.1 along with their
production fractions. Mesons account for 86.8 % of the hadrons.
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(11:2 + 1:8   1:9)%
b-baryons (13:2  4:1)%
Table 4.1: Branching fractions for bottom quarks to bottom hadrons at LEP [21]. Charge
conjugates are assumed here and throughout this thesis.
4.2 Separation of charmed and charmless semilep-
tonic bottom meson decays
Observing charmless semileptonic decays of bottom mesons is a dicult task
due to their rarity and the presences of large, similar backgrounds. Of primary
importance is the rejection of the kinematically very similar charmed decays. As
described in section 1.4, the endpoints of the energy spectra of leptons in the





















= 2:64 GeV for the
charmless decay. Unfortunately at LEP, the lepton energy in the meson's rest
frame is dicult to determine as the meson is boosted by an unknown amount.
It is possible to reconstruct inclusively the decay products of the meson and
determine the boost, thus gaining access to the rest frame energy. However, the
accuracy of the meson momentum determination in this way is only about 10%
[26], which is not sucient to distinguish between the narrow dierence in energy
endpoints.
An alternative that has been suggested is to use the transverse momentum
of the lepton with respect to the, better determined, meson direction [27]. The
endpoints in the transverse momentum spectra are the same as the lepton energy
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spectra in the rest frame
1
although the acceptance is reduced. Again, problems
arise because tails in the resolution distribution for the meson direction push
some of the large number of charmed decays above the charmed endpoint and so
fake charmless decays[27].
The analysis presented in this thesis uses the lepton's energy in the rest frame
of the Z
0
, making use of the boost to separate the energy endpoints further.
Such a simple quantity has the obvious advantage of being well measured. The
endpoints in the lepton's energy spectrum in the rest frame of the Z
0
are obtained










where the lepton and meson are taken to be collinear and the maximum boost
of the meson occurs when it takes the beam energy. The resulting endpoints are
39.8 and 45.5 GeV for the charmed and charmless decay respectively. A signal
region based on these endpoints was dened. The upper bound was set to 50
GeV, above the charmless endpoint and the lower bound was allowed to vary
from 30 GeV upwards.
In practice, the number of events close to the endpoint is small, so that an
increase in the acceptance of charmless decays (with only a slight increase in the
charmed background) can be achieved by accepting events with lepton energies
as low as 30 GeV.
4.3 Hadronic event selection




decays to a pair of quarks) is the
rst step towards observing charmless semileptonic decays of bottom mesons. A
highly ecient procedure selects hadronic decays whilst rejecting leptonic decays
of the Z
0
, two photon interactions, beam-gas interactions and cosmic ray events.
Hadronic events are selected using charged track information. At least 5
\good charged tracks" must be reconstructed, each of which satisfy the following
requirements:
 The number of TPC hits used in the track helix t must be at least four.
1
From simple kinematics assuming massless leptons.
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Year No. of hadronic Z
0
Year No. of hadronic Z
0
1991 281570 1994 1650325
1992 701174 1995 734401
1993 677010
Total 4044480
Table 4.2:The number of hadronic Z
0
decays recorded with the ALEPH detector.
This removes most fake and badly tted tracks.
 The track must originate from a cylinder of radius 2 cm and length 20 cm
coaxial with the beam and centred on the nominal collision point. This
removes badly tted tracks and tracks originating from a vertex far from
the interaction point.
 The track's polar angle, , with respect to the beam axis must satisfy
j cos()j < 0:95. This ensures that the track crosses at least 6 TPC pad
rows.
Additionally, the total charged track energy must be greater than 10 % of the
centre of mass energy. This removes two photon events and beam-gas interactions.
The overall eciency of this selection has been determined to be 97.5% with a







The analysis presented in this thesis used an event sample which was recorded
during the years 1991 to 1995, consisting of approximately 4 million hadronic Z
0




Explicit selection of bottom quark events from hadronic events was not neces-
sary as the extreme requirement on lepton energy heavily suppresses other quark
avours.
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4.4 Lepton identication
The procedure used to identify leptons in hadronic events is described in sec-
tion 2.5. Accurate determination of two quantities related to lepton identication
is crucial to this analysis. Firstly, the eciency with which leptons are identi-
ed, important for correcting the number of observed leptons, and secondly, the
probability to misidentify a hadron as a lepton which is important because such
hadrons form part of the large background.
These quantities have been determined previously for leptons in hadronic
events and at relatively low energies [31, 23]. However, this analysis is concerned
with very high energy leptons which are fairly isolated. On average the energy
entering a given hemisphere will be approximately equal to the beam energy of
45.6 GeV. Therefore, with lepton energies above 30 GeV, the maximum energy
available to particles other than the lepton is only 15 GeV, not accounting for the
escaping neutrino. The lepton identication eciency depends, to some extent,
on the lepton's environment. For example, particles surrounding the lepton can
cause ineciencies in the identication process; tracks can modify the calorimeter
deposits such that they are no longer compatible with that of the lepton, or de-
posits cannot be uniquely assigned to one charged track. In the case of electrons,
the dE=dx may not be measurable because the wire hits match more than one
track.













events, which have the advantage that leptons are in an isolated envi-
ronment and allows use of data rather than depending solely on Monte Carlo
simulation.
Misidentication probability also needs to be assessed in a similar environment













, give a very pure sample of charged pions.
These pions were then examined to see what proportion faked leptons and the
misdentication probability was determined, again making use of data.
This method of determining the misidentication probability is not suciently
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the electron emits bremsstrahlung photons which are misidentied as neutral
pions. An alternative method, using dE=dx information, was used to determine
the electron misidentication probability in a similar way to that used for hadronic
events[31].
A detailed explanation of the estimation of the identication eciency and
misidentication probability is described in chapter 5.
4.5 Background processes
Backgrounds to the charmless semileptonic bottom meson decay must be sup-
pressed to an acceptable level whilst keeping the signal eciency high. Any
remaining background contribution must be estimated so that the signal can be
extracted. The backgrounds can be broadly divided into two types: those coming
from non-hadronic events and those from hadronic events.



















) and two photon events. Such events can contain a high
energy lepton (from leptonic decay of the tau in the case of tau pair events
and from the beam electron or positron in the case of two photon events). If the
number of charged tracks is large enough, then these events will pass the standard
hadronic event selection and thus contaminate the signal region. Suppression of
the non-hadronic backgrounds was performed by imposing additional constraints
on the hadronic selection, particularly on the number of charged tracks.
Detailed study of the suppression and remaining contribution of the non-
hadronic background was made using Monte Carlo simulation with simulated
hadronic events used to estimate the reduction in hadronic eciency. An over-
all suppression of 99 % of non-hadronic events was acheived whilst keeping the
hadronic eciency above 70 %.
The most important hadronic backgrounds are misidentied hadrons (mainly
charged pions plus some charged kaons) and charmed bottom meson decays. Re-
jection of misidentied hadrons is inherent in the lepton identication procedure
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described in chapter 2 and the charmed decays are heavily suppressed by requiring
that the lepton has an energy greater than 30 GeV.
Estimation of the contamination from misidentied leptons was taken from
the misidentication probability and the number of hadrons (taken to be charged
tracks which were not identied as leptons) observed in the signal region.
The remaining contamination from charmed bottom meson decays was as-
sessed from Monte Carlo simulation.









These backgrounds make a small contribution which was estimated from Monte
Carlo simulation. The signals for both electron and muon channels were extracted
by simple background subtraction and eciency correction.
4.6 The Monte Carlo Simulation
Simulated data was used at several points in the analysis. In particular, it is used
to determine some hadronic, and all non-hadronic, backgrounds, and the eect
of the non-hadronic background supression on the hadronic eciency.
The Monte Carlo simulation is based upon the JETSET Monte Carlo pro-
grams [29]. This uses a parton shower model to approximate the perturbative
QCD stage, and is followed by a string fragmentation model. The parton shower
model adopts an iterative approach, using the parton branchings q! qg, g ! gg
and g ! qq, where the matrix element for each process is determined using the
leading-logarithm approximation. The string fragmentation model is based upon
the concept of a string, or colour ux tube, joining coloured partons. The string,
whose energy per unit length is  1 GeV=fm, stretches as the partons move apart
and breaks, producing a qq pair at the broken ends. The fragmentation continues
until the energy of each piece of string falls below a certain threshold, 
QCD
, and
the remaining quarks and gluons are paired or split so as to correspond to real
hadrons.
Events generated by JETSET are passed through a simulation of the ALEPH
detector that uses a detailed model of its structure and composition together
CHAPTER 4. OVERVIEW OF THE ANALYSIS 70
with nuclear and electromagnetic interactions, multiple scattering and ionisation
energy loss. It produces an output in the same format as that produced by the
data aquisition system. The events are then reconstructed in the same way as
real data so that direct comparisons may be made.
Chapter 5
Lepton identication
This chapter concentrates on two items, pertinent to the lepton identication pro-
cedure, namely the eciency to identify a lepton and the probability to misiden-
tify a hadron as a lepton. Assessment of both eciency and misidentication
probability was performed using data rather, than Monte Carlo simulation.
5.1 Eciency measurement













events. This has the advantage that the leptons are in an isolated environ-
ment similar to leptons in the signal region. The lepton identication eciency
improves as a consequence of the more isolated environment.
5.1.1 Lepton pair selection
Lepton pairs were selected using the following criteria:
 The event was divided into two hemispheres by the plane normal to the
thrust axis. Each hemisphere was required to have only one good charged
track having a momentum, as measured by the TPC, greater than 0.1
GeV=c.
 The total visible energy calculated using energy ow objects must be greater
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The charged tracks were then passed through the lepton identication proce-
dure.







) and two photon () events form most of the background
to electron and muon pairs. Two photon events are characterized by a small
energy deposit in the detector (the beam electron and positron normally escape
along the beam pipe) and are easily removed by the requirement that the total
visible energy be greater than 80 GeV. Tau pairs are more important as they
can mimick electron or muon pairs where one of the electrons or muons has not
been identied, leading to a reduction in the measured eciency. Therefore, it is







events, the undetected tau neutrino reduces the invariant mass
of the candidate lepton pair and the total visible energy to less than the centre-












events the total visible energy
should be close to the centre-of-mass energy as there are no undetected neutrinos.
However, the invariant mass of the candidate lepton pair can be signicantly
lower than the centre-of-mass energy due to emission of bremsstrahlung photons.
Therefore, requiring the invariant mass to be close to the centre-of-mass energy
would reject  events, tau pair events and electron or muon pair events where
one of the leptons radiates a photon. Alternatively, requiring the total visible
energy to be close to the centre-of-mass energy accepts the radiative electron
and muon pair events whilst still rejecting  events and tau pair events. The
advantage of the second technique is that the electron and muon energies span a
wide range, thus allowing an energy dependent eciency determination.
A previous analysis [30] required the invariant mass of the two charged tracks
to be greater than 80 GeV=c
2
and the visible energy to be greater than 10 % of
the centre-of-mass energy and thus gave measurements only at energies close to
the beam energy.
Fortunately, there is a method to check the power of the visible energy cut
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Figure 5.1: Total visible energy versus lepton pair invariant mass for a sample of lepton pair
events where one lepton is identied as an electron and the other as a muon.
to reject tau pair events. Events containing an identied electron and muon
can only come from tau pair events (ignoring the rare cases when an electron
is misidentied as a muon or vice versa
1
). Figure 5.1 shows a scatter plot of
the total visible energy against the invariant mass of the two charged tracks for
these electron-muon events. It is clear that requiring either the visible energy or
invariant mass to be greater than 80 GeV or 80 GeV=c
2
respectively removes the
lepton-muon events and hence removes the tau pair events, although the mass
cut is slightly more ecient.
5.1.3 Eciency determination
The lepton identication eciency is determined by dividing the events into singly
(where only one charged track is identied as either an electron or muon) and
doubly (where both tracks are identied) identied events. Table 5.1 shows the
1
The probabilty of misidentifying an electron as a muon or vice versa has been estimated to
be < 0:01 % [23].
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Single electrons 20664 15893
Double electrons 37105 34806
Single muons 11186 7150
Double muons 22390 21187
Electron-muon 965 3
Unidentied 10018 3977
All events 102328 83016
Table 5.1: The number of lepton pair events according to type before and after tau pair
suppression.
number of events used in this analysis classied by type before and after the
requirement that the total visible energy should be greater than 80 GeV had
been applied.
The identication eciency for both electrons and muons was simply deter-













are the number of singly and doubly identied electron or muon
events. The advantage of this procedure is that it is independent of the overall
event selection eciency.
Figure 5.2 shows the calculated eciency versus lepton energy for both elec-
trons and muons. The eciency remains quite at over the entire energy range
as expected. The errors are smallest around the beam energy where the bulk of
the events lie and the errors at lower energy are larger for muons as they are less
likely to radiate photons.
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Figure 5.2: Identication eciency versus lepton energy for a) electrons and b) muons.
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The electron eciency is slightly away from at for the electrons as revealed









per degree-of-freedom of 0.26.
The overall eciency was determined from a straight line t assuming no
variation with energy to be:
"
e
= (81:3 0:3) %;
"

= (85:5 0:4) %;
where the errors are statistical in nature.
5.1.4 Estimation of tau pair contamination
An estimation of the number of tau pair events was made from the number
of electron-muon events in the data sample. Ignoring the rare cases when an


























)  18% gives a tau pair contamination after the
total visible energy cut had been imposed of  46  15 events and thus low
enough to be ignored.
As a comparison, gure 5.3 shows the calculated identication eciency with
no requirement on the visible energy (i.e. no tau pair suppression). The eciency
decreases at lower lepton energy due to the tau pair contamination, the decrease
corresponding to the amount of contamination as indicated by the increase in
number of electron-muon events at lower energies. The corresponding tau pair
contamination was determined from the above expression to be  15; 000 events.
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Figure 5.3: Identication eciency versus lepton energy for a) electrons and b) muons with
no tau pair suppression, c) number of electron-muon events versus energy.
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5.1.5 Eciency in hadronic environments
The measurement of the lepton identication eciency in hadronic events was
briey described in section 2.5 (fuller descriptions can be found in refs. [23, 30,
31].)
The average muon identication eciency determined in hadronic events of
86 % compares well with the measurement here showing that muon identication
is not greatly aected by isolation.
The average electron identication eciency in hadronic events of 65.5 %
compared to (81:3  0:3) % measured here reects the improvement due to the
isolation of the electron. The major eect is due to the dE=dx measurement
being highly dependent upon the isolation of the electron. As mentioned earlier
in chapter 2, the electron's dE=dx may not be measurable because the wire hits
can match other tracks. This ineciency decreases as the lepton becomes more
isolated. Electron identication using only the ECAL is much less prone to such
eects, although the power to reject hadrons is less than with the ECAL and
dE=dx combined. The measured eciency, in hadronic events for the ECAL
alone, of 78.5 % compares much better with the measurement determined here.
5.1.6 Conclusion on the eciency measurement
The technique used for eciency measurement here is believed to be the most
appropriate for the identication of leptons in the isolated environment of the
signal region. Comparison with previous measurements in dierent subsamples
of the complete dataset are thought to be consistent given the dierent event
topologies.
5.2 Misidentication measurement













. By identing the neutral pion, a
very pure sample of charged pions was obtained. These pions were then examined
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to determine what proportion faked the lepton identication procedure.
5.2.1 Tau pair selection
Tau pair events are characterised by a low multiplicity, back-to-back topology and
missing energy. The standard ALEPH tau pair selection [32] is briey described
here.
The event is divided into two hemispheres by the plane normal to the thrust
axis. All energy ow objects in each hemisphere are clustered together to form
two jets, the tau direction being given by the momentum direction of each jet.
Between two and eight good charged tracks
2
, with at least one charged track in
each hemisphere, are required. The leading track is dened as the most energetic
track in each hemisphere.
Two photon events are rejected by requiring the angle between the two jets to
be greater than 160

. The summed energy of the two jets must be greater than
3.5 % of the beam energy or the dierence between transverse momenta of the
two jets larger than 0.66 % of the beam energy.
Hadronic events are suppressed by the requirement that the number of charged
tracks is less than nine. Additionally, if both hemispheres have more than one
track or a jet mass greater than 1 GeV=c
2
then the following are required:
 The product of the number of energy ow objects in each hemisphere must
be smaller than 40.
 The sum of the maximumangles between any two tracks in each hemisphere
is less than 0.25 radians.
Bhabha events are rejected by the following technique. The scattering angle,
























are the polar angles of the positively and negatively charged jets
respectively. Requiring that j cos 

j < 0:90 denes the acceptance for tau pair
2
Good charged tracks are dened in section 4.3.
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events whilst rejecting small-angle Bhabhas. Events where all charged tracks are
identied as electrons
3
are required to have the total energy, less than 1.6 times the
beam energy (or 1.4 times the beam energy if the tangent to the leading electron
at the origin points to within 6 cm of an ECAL crack. This reduction accounts
for radiative photons that escape detection). The total energy is calculated from
three body kinematics so that it includes the energy of any undetected, radiative
photon emitted down the beam pipe.
Muon pair events are rejected by requiring the momentum sum of the two
leading tracks to be less than 1.6 times the beam energy. Additionally, events
where all charged tracks are identied as muons must have the total energy less
than 1.8 times the beam energy.
The tau pair selection eciency has been determined to be (78:8  0:1) %,
with the hadronic background estimated at (0:31 0:09) % [32].
5.2.2 One prong tau decay selection
The  decay mode was selected by requiring only one charged track in at least one
hemisphere and identifying the neutral pion via its decay 
0
! . The invariant
mass of photon pairs in the appropriate hemisphere was calculated. If there was
only one ECAL cluster a mass was estimated from energy dispersion with respect
to the energy barycentre of the cluster. If there were more than two clusters then
all combinations were studied. The invariant mass of the neutral pion candidate
was required to be within 50 MeV=c
2
of its nominal value of 134.9764 MeV=c
2
[20]. If there was more than one neutral pion candidate, then the one with mass
closest to the nominal value was used. A candidate  meson was formed from
the charged and neutral pions, its invariant mass was required to be within 120
MeV=c
2
of the nominal value of 769.9 MeV=c
2
[20].
Figure 5.4 shows the mass distributions for a) the neutral pions before its mass
requirement and b) the  mesons after the pion mass requirement but before the
 mass requirement.
3
Electrons and muons are identied as described in section 2.5, with looser cuts to achieve
higher eciency.
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Figure 5.4: Invariant mass distributions for a) neutral pions and b)  mesons.
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Table 5.2:Number of tau pair events, charged pions and identied leptons.
The hadron purity was determined from Monte Carlo tau pair simulation to
be (99:7  0:6) %, comparing well with a previous study [30] which assessed the
hadron purity to be (99:7  0:4) %.
5.2.3 Misidentication probability determination
The misidentication probabilities were simply determined by passing the pure
sample of charged pions through the lepton identication procedure and counting
the number identied as leptons. Table 5.2 shows the number of tau pairs, charged
pions and identied leptons observed in this sample.
Figure 5.5 shows the misidentication probabilities versus energy for a) elec-
trons and b) muons. The probabilities averaged over all energies were determined
to be (0:31  0:04) % and (0:49  0:05) % for electrons and muons respectively,
where the error is statistical.
The value for muons compares well with the previous measurement of (0:42
0:08) % which used the same technique but with fewer data [30]. Measurement of
the average muon probabilities in hadronic events [31, 23] gives larger probabilities
in the region of 0.8 %, which reects the diculty in identifying muons within
the high track multiplicity environment of hadronic jets. A more appropriate
comparison comes from the misidentication probability measured at energies
above 10 GeV and in the more isolated environment where the misidentied
























0 5 10 15 20 25 30 35 40
Figure 5.5: Misidentication probability versus hadron energy for a) electrons and b) muons.
Errors are purely statistical.
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muon has a transverse momentum with respect to its jet of greater than 1.25
GeV=c[31]. The probability so measured of (0:590:07) % compares better with
the value measured here. The remaining dierence is attributed to the isolation
of the muon.
Both the measurement presented here and the one for hadronic events show
a decrease in misidentication probability as the hadron energy increases.
The misidentication probability for electrons measured here is much larger
than the mean value measured in hadronic events of (0:95  0:03)  10
 3
. This
is suprising as one expects the misidentication rate to decrease in the cleaner
environment. Examination of Monte Carlo simulated data revealed a small num-








where the electron emits
bremsstrahlung photons which are misidentied as neutral pions. Therefore, this
measurement was not believed reliable for electrons and the electron misidenti-
cation probability was determined using an alternative method as described in
the next section.
5.2.4 Electron misidentication estimation from dE=dx
The electron misidentication probability in the signal region was directly esti-
mated from the electrons' dE=dx information. The distribution of the dE=dx
estimator, R
I
, for true electrons is consistent with a Gaussian centred about zero
with unit width [31].
Hadronic events were selected according to the standard hadronic selection
(described in section 4.3) with the additional requirement that the number of
charged tracks should be at least ve.
Electrons, with an energy between 30 and 50 GeV were identied using ECAL
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are the numbers of electrons and hadrons in the sample,
f
e
is a Gaussian centred about zero with unit width, describing the shape of
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Figure 5.6: R
I
distribution for samples of a) hadrons and b) electrons selected using ECAL
information as described in the text. The solid line in b) is a t to the function described in
the text and the solid area shows the small tted contribution from misidentied hadrons.
the electron sample. The shape of the R
I
distribution for hadrons in the signal
region, f
hadron
, was obtained by tting a Gaussian to a sample of tracks selected
as hadrons by requiring R
T
<  2:3 and R
L
<  2:3.
Figure 5.6 a) shows the shape of the hadron R
I
distribution for energies be-
tween 30 and 50 GeV as determined from approximately 24000 charged tracks.
The Gaussian t describes the data well except at the peak and has a mean of
 1:876  0:008 and a width of 1:172  0:005.
Figure 5.6 b) shows the R
I
distribution for electrons selected with the ECAL
and having energies between 30 and 50 GeV. The solid line shows the t to the
function (5.1) and the solid area shows the small contribution from misidentied
hadrons as estimated from the t.
The contamination for both ECAL and dE=dx identication combined was
determined by applying the the dE=dx selection cut of R
I
>  2:5 to give a
remaining contamination of 29:15  7:58 hadrons.
The total number of charged tracks in the signal region, excluding electrons
identied by both ECAL and dE=dx, of approximately 66000 was used to estimate
the sample of hadrons from which 29:15  7:58 were misidentied as electrons.
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The misidentication probability was then simply determined as the ratio of these
numbers, giving (4:4  1:1) 10
 4
.
The average hadron misidentication probability in hadronic events of (0:95
0:03)  10
 3
is larger than the value measured here, which is expected given
the more isolated environment. A more appropriate comparison comes from the
determination of the hadron misidentication probability in hadronic events [31,
23] for energies above 14 GeV and in the more isolated environment where the
lepton candidate has a transverse momentum with respect to its jet of greater
than 0.5 GeV. The misidentication probability so obtained of (0:8 0:2) 10
 3
shows the general trend for decreasing probabilities in more isolated environments
and compares better with the value obtained here.
5.2.5 Conclusion on the misidentication measurement
The measurement of the muon misidentication probability is in agreement with
a previous measurement using tau pair decays and is less than that determined
in hadronic events, as expected from the more isolated environment.









decays and was rejected as unreliable. The measurement
using the dE=dx technique is in good agreement with hadronic measurements at
higher energies in isolated jet environments.
The misidentication probability measured here is believed to be the most ap-
propriate for the estimation of misidentied hadron contamination in the isolated




This chapter describes the dierent background processes, their suppression and
estimation of remaining contributions to the signal region. The backgrounds have
been divided into two types; those coming from non-hadronic events and those
from hadronic ones.
6.1 Non-hadronic background
Electron and muon pair events, where one or both leptons radiate a photon which
subsequently converts into an electron-positron pair, can increase the number of
good charged tracks to ve or more and therefore allow the event to pass hadronic
selection cuts described in section 4.3. As one of the primary leptons may not
have radiated a photon, or the photon may be of low energy, there is a good
chance that the event contains an electron or muon with an energy close to the
beam energy and so form a background to b! ul decays in the signal region.
Tau pair events with high charged track multiplicity can also pass the hadronic
selection cuts. Such events are a background to b ! ul if the tau decays
leptonically and the nal state lepton takes a large fraction of the tau energy.
Two photon events with enough charged tracks can also pass hadronic selec-
tion and form a background to b ! ul decays if one of the beam electrons or
87
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positrons (with energy close to the beam energy) is observed in the detector. Two
photon events are only a problem in the electron channel.
6.1.1 Discrimination between non-hadronic background
and hadronic signal
All of the above event types have a relatively low charged track multiplicity. Sig-
nal events are believed to have a considerably higher multiplicity as they are com-
posed of one typical hadronic hemisphere plus one hemisphere with few charged
tracks. Therefore tightening the requirement on the charged track multiplicity
should reduce these backgrounds whilst keeping a high signal eciency.
In electron and muon pair events the charged tracks, in addition to the pri-
mary leptons, are thought to come from photon conversions. To account for this,
tracks from photon conversions were identied according to the procedure de-
scribed in section 2.5.1 and subtracted from the total number of charged tracks.
This redened charged track multiplicity, N
chg
, from here referred to as simply
the `number of charged tracks' or `charged track multiplicity' is eective in dis-
tinguishing between the electron and muon pair background and hadronic signal
events.
Most of the energy in electron and muon pair events should be carried by the
two primary leptons or their remnants. The mass of the two primary leptons
or their remnants should be close to the centre of mass energy for electron and
muon pair events. To reconstruct this mass, the signal lepton was paired with
all other oppositely charged tracks in the event. The lepton pair mass, m
lh
,
was then dened as the mass of the pair with greatest invariant mass. Further
dierentiation between hadronic and non-hadronic events was then achieved using
this quantity.
Two photon events have visible energy signicantly lower than the centre-
of-mass energy as one beam electron generally escapes along the beam pipe.
Tau pair events also have lower visible energy as the taus produce undetected
neutrinos. To use this signature the total energy of the event excluding the
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identied lepton, E
vis
, was calculated from energy ow objects and this quantity
provided additional discrimination between hadronic and non-hadronic events.
Detailed study of the suppression of the non-hadronic background using the
above three quantites was made using Monte Carlo simulation with Monte Carlo
hadronic events being used to estimate the reduction in hadronic selection e-
ciency.
Figure 6.1 shows distributions of the (redened) number of charged tracks,
N
chg
, for electron pair, muon pair, tau pair and two photon Monte Carlo events
containing a lepton with energy above 35 GeV and passing the standard hadronic
selection procedure. Also shown is the distribution for Monte Carlo hadronic
events containing a lepton with energy above 35 GeV and passing the standard
hadronic selection. All distributions are normalised relative to their relevant
production cross-sections.
It is clear that requiring the charged track multiplicity to be above about six
suppresses the non-hadronic background whilst keeping the signal eciency high.
Electron pairs are most suppressed due to their greater likelihood of radiating
photons, with muon pairs close behind. For tau pairs and two photon events the
increase in multiplicity does not come entirely from pair conversions and so this
requirement is not so ecient.
Figure 6.2 shows distributions of the lepton pair mass, m
lh
, in a similar way to
gure 6.1. Hadronic events populate the region below a mass of about 60 GeV=c
2
whilst a sizeable number of electron pairs and most of the muon pairs lie above
this mass, clustered around the centre-of-mass energy as expected. Therefore,
requiring the mass to be less than 60 GeV=c
2
suppresses the electron and muon
pairs whilst keeping the hadronic eciency high. Tau pairs and two photon events
are hardly aected by this cut.
Figure 6.3 shows distributions of the visible energy, E
vis
, in a similar way to
the previous gures. Hadronic events populate the region between energies of
about 30 to 90 GeV, whereas a large fraction of the two photon events and about
half of the tau pairs lie below 30 GeV. Requiring the visible energy to be greater
than 30 GeV suppresses the majority of the two photon events and about half of


















0 2 4 6 8 10 12 14 16 18 20




























0 2 4 6 8 10 12 14 16 18 20
Figure 6.1: Monte Carlo distributions of the (redened) number of charged tracks, shown
as solid points, for a) electron pair events (electrons only), b) muon pair events (muons only),
c) tau pair events (electrons and muons combined) and d) two photon events (electrons only).
Hadronic events are shown as the solid line (electrons and muons combined) and all distributions
are normalised relative to their relevant production cross-sections. The position of the signal
selection cut is indicated by the dashed line.
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Figure 6.2: Monte Carlo distributions of the lepton pair mass shown as solid points, for
a) electron pair events (electrons only), b) muon pair events (muons only), c) tau pair events
(electrons and muons combined) and d) two photon events (electrons only). Hadronic events
are shown as the solid line (electrons and muons combined) and all distributions are normalised
relative to their relevant production cross-sections. The position of the signal selection cut is
indicated by the dashed line.


























| | 98 32 212  21 31:2  5:5
 5 | 5 9 10:8 4:8 8:8  2:9
|  60 24 3 51:9  10:6 2:9  1:7
 5  60 1 1 2:2 2:2 1:0  1:0
 6  60 0 0 0 0
Table 6.1: Number of Monte Carlo electron and muon pair events with lepton energy above
35 GeV for various values of the cuts described in the text. No requirement was made on
the visible energy. The equivalent number of background events for the total hadronic sample,
normalized to the data luminosity, is also shown.
the tau pairs whilst hardly aecting the hadronic eciency. Electron and muon
pairs are only slightly aected by this cut.
To summarise, the charged track multiplicity was found to be the best vari-
able to discriminate between the non-hadronic background and hadronic signal.
Further dierentiation is obtained for electron and muon pair events from the
lepton pair mass variable and for tau pair and two photon events from the visible
energy.
6.1.2 Suppression of non-hadronic background
Table 6.1 shows the observed number of electron and muon pair events with lepton
energy above 35 GeV passing combinations of the charged track multiplicity and
lepton pair mass cuts as determined from a Monte Carlo sample of 89982 electron
pairs and 200000 muon pairs. No requirement was made on the visible energy.
Also shown, is the estimated number of lepton pair background events for the total
hadronic sample of approximately four million hadronic events as calculated from
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Figure 6.3: Monte Carlo distributions of visible energy shown as solid points, for a) electron
pair events (electrons only), b) muon pair events (muons only), c) tau pair events (electrons
and muons combined) and d) two photon events (electrons only). Hadronic events are shown
as the solid line (electrons and muons combined) and all distributions are normalised to unit
area.




























is the lepton pair events observed in the Monte Carlo sample, N
total
is the total number of Monte Carlo lepton pair events used in this study, N
Z
is
the total number of hadronic Z
0















) = (3:367  0:013)%;
B(Z
0
! hadrons) = (69:90  0:15)%:
Table 6.2 shows the observed number of tau pair events with lepton energy
above 35 GeV, divided into electron and muon channels, passing progressively
tighter cuts on the charged track multiplicity and visible energy as determined
from a sample of 527500 Monte Carlo tau pairs. The lepton pair mass was
required to be less than 60 GeV=c
2
. The number of events in the muon channel
is greater due to their larger identication eciency. The equivalent number of
background events for the total hadronic sample decay is also shown as calculated






) = (3:360  0:015) %.
Table 6.3 shows the observed number of two photon events with lepton en-
ergy above 35 GeV passing various cuts on the charged track multiplicity and
visible energy as determined from a sample of Monte Carlo two photon events
corresponding to an integrated luminosity of (601) pb
 1
, where the error comes
from knowledge of the two photon cross-section. No requirement was made on
the lepton pair mass. Estimation of the equivalent number of background events
for the total hadronic sample was done by scaling these numbers to the total
integrated luminosity of 150.305 pb
 1





had no eect on the two photon event suppression.


















| | 113 137 41:6  3:9 50:5  4:3
 5 | 56 71 20:6  2:8 26:2  3:1
 6 | 20 26 7:4  1:6 9:6  1:9
 7 | 6 13 2:2  0:9 4:8  1:3
 8 | 2 8 0:7  0:5 2:9  1:0
 9 | 1 4 0:4  0:4 1:5  0:7
 10 | 0 3 0 1:1  0:6
| > 10 GeV 111 136 40:9  3:9 50:1  4:3
| > 20 GeV 103 127 38:0  3:7 46:8  4:2
| > 30 GeV 80 99 29:5  3:3 36:5  3:7
 5 > 30 GeV 40 54 14:7  2:3 19:9  2:7
 6 > 30 GeV 15 16 5:5  1:4 5:9  1:5
 7 > 30 GeV 5 8 1:8  0:8 2:9  1:0
 8 > 30 GeV 2 5 0:7  0:5 1:8  0:8
 9 > 30 GeV 1 4 0:4  0:4 1:5  0:7
 10 > 30 GeV 0 3 0 1:1  0:6
Table 6.2: Number of Monte Carlo tau pair events with lepton energy above 35 GeV for
various values of the cuts described in the text. The lepton pair mass was required to be less
than 60 GeV=c
2
. The equivalent number of background events for the total hadronic sample,
normalized to the data luminosity, is also shown.












| | 25 62:6  12:5
 5 | 21 52:6  11:5
 6 | 12 30:1  8:7
 7 | 11 27:6  8:3
 8 | 7 17:5  6:6
 9 | 5 12:5  5:6
 10 | 5 12:5  5:6
| > 10 GeV 25 62:6  12:5
| > 20 GeV 15 37:6  9:7
| > 30 GeV 9 22:5  7:5
 10 > 10 GeV 5 12:5  5:6
 10 > 20 GeV 5 12:5  5:6
 10 > 30 GeV 3 7:5 4:3
Table 6.3: Number of Monte Carlo two photon events with energy above 35 GeV and the
equivalent number of background events for the total hadronic sample (normalized to the data
luminosity) as a function of various values of the cuts described in the text. No requirement
was made on the lepton pair mass








| | | 1:00 0:11
 5 | | 1:00 0:11
|  60 GeV=c
2
| 0:96 0:11
| | > 30 GeV 0:99 0:11
 5  60 GeV=c
2
> 30 GeV 0:96 0:11
 6  60 GeV=c
2
> 30 GeV 0:94 0:10
 7  60 GeV=c
2
> 30 GeV 0:92 0:10
 8  60 GeV=c
2
> 30 GeV 0:86 0:10
 9  60 GeV=c
2
> 30 GeV 0:82 0:09
 10  60 GeV=c
2
> 30 GeV 0:74 0:09
Table 6.4: Eciency of the hadronic event selection, for events containing a lepton with
energy above 35 GeV determined from a sample of four million hadronic Monte Carlo events.
6.1.3 Eciency of the hadronic event selection
The eciency of the hadronic event selection was estimated from a sample of
approximately four million hadronic Monte Carlo events. Table 6.4 shows the
eciency relative to the eciency of the standard hadronic event selection for
events containing a lepton with energy greater than 35 GeV at various values of
the three cut variables.
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6.1.4 Conclusion on the non-hadronic background sup-
pression
The charged track multiplicity, lepton pair mass and visible energy were eec-








 5 suppresses electron and muon pair
events by factors of approximately 100 and 30 respectively whilst keeping signal
eciency above 95%.
Setting the cuts to N
chg
 10 suppresses the tau pair background by a factor
of about 80 whilst keeping the eciency at about 75%.







 10 and E
vis
> 30 GeV reduce the two photon rate by a factor
of 8, with 75% eciency. Fortunately, there are fewer two photon events initially
when compared to the other non-hadronic backgrounds and so the remaining
background level has value 7:5 4:3 events expected.
Therefore these cut values are used to select signal events as they give excellent
background suppression at a resonable eciency.
6.2 Hadronic background
Backgrounds from hadronic sources are already well suppressed by the require-
ment on the lepton energy. Suppression of hadrons misidentied as leptons is
inherent in the lepton identication procedure described in chapter 2. No further
eort was made to reduce this background and its contribution was estimated as
described in section 6.2.1.
Charmed decays of bottom mesons are important but heavily suppressed due
to the lepton energy requirement
1
. The remaining contribution to the signal
region was assessed from Monte Carlo simulation.
Other background sources were estimated from Monte Carlo simulation, in-
1
The suppression of charmed decays is the motivation for the high energy cut.
CHAPTER 6. BACKGROUND SUPPRESSION AND ESTIMATION 99
cluding the misidentied hadron background to allow comparison with the esti-
mate from data.
6.2.1 Hadrons misidentied as leptons
Misidentied hadrons are the most important hadronic background with hadrons
faking muons giving a larger background than fake electrons. The remaining con-
tamination was estimated from the misidentication probabilities and the number
of hadrons observed in the signal region.
The number of hadrons in the signal region, N
h
, was estimated from the
number of charged tracks in the signal region excluding identied leptons. The





















are the probabilities to misidentify a hadron as an electron and
muon respectively.
Table 6.5 shows the observed number of hadrons, the misidentication prob-
abilities and the estimated number of misidentied hadrons with energy between









> 30 GeV. The probability to misidentify a hadron as an electron is
taken from the dE=dx measurement as described in section 5.2.4. The corre-
sponding probability for muons is from the single prong tau decay measurement,
presented in section 5.2.3, with pion energy between 32 and 40 GeV. Correction
for hadronic selection eciency has not been made.
6.2.2 Hadronic background estimation from Monte Carlo
A sample of approximately four millon Monte Carlo hadronic Z
0
decays was used
to search for remaining hadronic backgrounds and to assess their contributions
to the signal. All background events were classied according to their event type
as follows.




















Table 6.5: Observed number of hadrons, misidentication probabilities and estimated num-









> 30 GeV. No correction for hadronic selection
eciency has been made.
Firstly, the processes were divided into two types: misidentied and non-
misidentied. Misidentied types cover events where a particle other than a
lepton is identied as a lepton, or where a pion or kaon decays in ight to a
lepton. No restriction is placed upon the process producing the misidentied
particle. Non-misidentied types cover all processes where the lepton is identied
as a lepton, except in the case of pion and kaon decay in ight, which do result
in leptons but are classied as misidentied types.
Secondly, each of the two types was subdivided as described in the following
sections. The non-misidentied types were divided according to the process pro-
ducing the lepton. The misidentied types were divided according to the type of
misidentied particle or whether it was a decay in ight.
Non-misidentied processes
The non-misidentied types were classied as follows:
 Charmed decays of bottom quarks directly resulting in a lepton, b ! cl,
where the bottom quark is one of the primary quarks.
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 Semileptonic decays of charmed quarks, where the charmed quark is one of
the primary quarks, c! xl.
 Semileptonic cascade decays, where the primary bottom quark rst decays
into a charmed quark, b! c! xl. The intermediate process may or may
not be semileptonic.
 Semileptonic cascade decays, where the primary bottom quark produces an





! xc; c! xl.
 J= (1S) and  (2S) decays to lepton pairs.




. This process, of course, only aects the
electron channel.
 Neutral pion decay to nal states including an electron, 
0
! eX.








, where the tau comes from hadronic
events and not tau pair production. If the tau initially comes from a charm-
less semileptonic b quark decay then such events can be considered part of
the signal. Other sources of taus are obviously background events.
Table 6.6 shows the observed number of background events, divided into elec-
tron and muon channels, for lepton energy between 32.5 and 50 GeV and for








> 30 GeV. The
equivalent number of events for the total hadronic data sample is also shown
2
.
No attempt was made to correct for hadronic selection or lepton identication
eciencies at this point.
The b! cl decays dominate with the multi-step decay processes (b! c!













a smaller contribution as there is less chance that the lepton takes a signicant
fraction of the primary quark energy.
2
As the number of Monte Carlo simulated events used in this study is similar to the total
hadronic data sample the two sets of gures are nearly equal.
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b! cl 7  2:6 30  5:5 7:1  2:7 30:5 5:6
c! xl 1  1 10  3:2 1:0  1:0 10:2 3:2




















7  2:6 0 7:1  2:7 0

0









0 0 0 0
Table 6.6: Number of Monte Carlo non-misidentied background events and the equivalent
number for the total hadronic data sample. Lepton energy was between 32.5 and 50 GeV and








> 30 GeV. No eciency
correction has been made and the errors are purely statistical.
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The c ! xl decays are, at rst, surprising as the maximum lepton energy
in the rest frame of a decaying D meson is only about 0.9 GeV. However, the
maximumrelativistic boost, 
max
, of the D meson is larger than that of a B meson




which gives a lepton spectrum endpoint energy of about
43 GeV.
The J= (1S) and  (2S) mesons were found to come exclusively from B meson
decays, where the B meson is formed from a primary b quark.
After further investigation the photon conversions were found to come from
initial or nal state photon radiation. Either the beam electron or positron, or
the primary quark-antiquark pair, radiates a photon. The maximum energy of
such photons can be almost as large as the beam energy and hence the conversion
electron can have a sizeable energy.
No events were found to come from semileptonic tau decay. The signal events
are exclusively from electron and muon channels. Tau decays were observed in
the Monte Carlo with electron and muon energies below 28 GeV.
Misidentied processes
Misidentied types were classied into:
 Charged pions misidentied as leptons.
 Charged kaons misidentied as leptons.
 Other charged particles misidentied as leptons.
 Charged pions decaying to leptons before reaching the calorimeter volume.
 Charged kaons decaying to leptons before reaching the calorimeter volume.
 Other charged particles decaying to leptons before reaching the calorimeter
volume.
Table 6.7 shows the observed number of Monte Carlo misidentied events,
divided into electron and muon channels, for lepton energy between 32.5 and
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 7 2:6 27  5:2 7:1 2:7 27:4  5:3
K 0 78  8:8 0 79:2  9:0
Other 0 2 1:4 0 2:0  1:4
 ! l 0 9  3 0 9:1  3:0
K! l 0 43  6:6 0 43:7  6:7
Other! l 0 1  1 0 1:0  1:0
Total 7 2:6 160  12:6 7:1 2:7 162:4  12:8
Table 6.7: Number of Monte Carlo misidentied events and the equivalent number for the









> 30 GeV. No hadronic selection eciency
correction has been made and the errors are purely statistical.









> 30 GeV. The equivalent number of events for the total hadronic data
sample is also shown
3
. No attempt was made to correct for hadronic selection
eciency.
The muon channel has a far larger contribution from misidentied hadrons.
The absence of kaons in the electron channel suggests that the lepton identi-
cation is better at suppressing kaons, perhaps as a result of enhanced dE=dx
separation due to the larger dierence in mass of kaons and electrons compared
to pions and electrons.
The large numbers of kaons and kaon decays in ight in the muon channel
were found to come almost exclusively from primary strange quarks. The pions
and pion decays in ight were found to originate from primary up or down quarks.
3
As the number of Monte Carlo simulated events used in this study is similar to the total
hadronic data sample the two sets of gures are almost equal.
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6.2.3 Comparison of misidentication rates in data and
Monte Carlo
There is good agreement between the number of hadrons misidentied as electrons
from data (11:5  2:9) and Monte Carlo Simulation (7:1 2:7.)
The situation for hadrons misidentied as muons is muchworse with 47:234:1
events estimated from data and 162:412:8 from Monte Carlo. A possible expla-
nation of this is because the misidentication probability measured in section 5.2.3
only used charged pions. As the energy, and consequently the relativistic boost,
of the pion increases its probability to decay to a lepton decreases, which has the
eect of decreasing the overall misdentication probability as can be clearly seen
in gure 5.5 (b).
The relativistic boost for kaons will be smaller than that for pions, so the
decrease in misidentication probability, for kaons, will be less. Because the
signal region contains both pions and kaons, the probability measured from the
tau decays will underestimate the number of misidentied hadrons. For this
reason, the probability measurement was deemed unreliable for determining the
misidentied hadron background and the Monte Carlo result was used to estimate
the contamination.
It would be possible to allow for this eect by, for example, measuring the













However, as the misidentied hadron background is so large in the muon channel,
this was not attempted.
Chapter 7
Signal extraction
The signal was extracted by a straightforward combination of background sub-
traction and eciency correction using the eciencies and backgrounds estimated
in the previous two chapters.











































are the number of background events from non-





are the lepton identication and hadronic selection eciencies and p
l
is
the lepton misidentication probability,
Results and systematic errors are presented in section 7.1 for the electron
channel and 7.2 for the muon channel.
7.1 Electron channel
7.1.1 Optimization of the signal region
The signal region is dened by upper and lower bounds on the lepton energy. The
upper bound was set at 50 GeV, above the kinematic endpoint for the charmless
decay. The lower bound was determined such that the signal's signicance was
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< 60 GeV and E
vis
> 30 GeV. The errors are statistical plus systematic eects
from the knowledge of the electron identication eciency and misidentication probability.
optimized. Figure 7.1 shows the signal for the electron channel, at three dierent
lower bound energies: 30, 32.5 and 35 GeV. The signal shows the expected
decrease as the size of the signal region diminishes. At the lower bound of 35
GeV the background makes a large contribution relative to the signal. At 30
GeV the acceptance for the charmless decay is increased but so is the charmed
background. Setting the lower bound to 32.5 GeV gives a good balance between
signal and background and the signicance of the signal is largest.
7.1.2 Signal extraction
Table 7.1 summarizes the electron yields and background estimates for hadronic








> 30 GeV (subsequently
referred to as the `central values'). Table 7.2 gives the values of the lepton identi-
cation eciency,misidentication probability and the hadronic selection eciency
at these cuts. The electron identication eciency is taken from the measurement
described in section 5.1.3 and the misidentication probability from section 5.2.4.
The systematic eect of the hadronic selection is investigated in the next
section.
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Raw electrons 63
Corrected electrons 100.9  15.0  0.4
Raw hadrons 26237  162.0
Corrected misid. electrons 15.0  1.2  3.8
Corrected electron pair bkg. 0
Corrected muon pair bkg. 0
Corrected tau pair bkg. 0
Corrected two photon bkg. 12.4  6.2  0.05
Corrected b! cl bkg. 11.4  4.4  0.04
Corrected c! xl bkg. 1.6  1.6  0.01
Corrected J= (1S);  (2S) bkg. 6.5  3.3  0.02
Corrected photon conversion bkg. 11.4  4.4  0.04
Signal 42.6  17.8  3.8





< 60 GeV and E
vis
> 30 GeV. The rst error is statistical, the second is the systematic
contribution from the knowledge of the electron identication eciency and misidentication
probability.











Table 7.2: Electron identication eciency and misidentication probability. The hadronic









Systematic errors arising from the choice of hadronic selection cuts was studied
by looking at the stability of the signal as these cuts were varied.
Figure 7.2 a) shows the signal variation as the requirement on the number
of charged tracks is varied between eight and twelve whilst keeping the visible
energy and the lepton pair mass cuts xed at their central values. Figure 7.2 b)
shows the signal variation as the requirement on visible energy is varied between
20 and 40 GeV. Figure 7.2 b) shows the signal variation as the requirement on
the lepton pair mass is varied between 40 and 80 GeV=c
2
.
The variation in signal is small relative to its error indicating good stability
of the hadronic selection and background estimation procedures.
A possible source of systematic error is from the hadronic selection eciency
as estimated from the Monte Carlo Simulation. To investigate the variation in
hadronic eciency as the selection cuts are varied, the number of eciency cor-
rected misidentied leptons was examined. The eciency corrected misidentied
background should not change as the selection cuts vary, and as this quantity
depends on the hadronic eciency
1
it reects how well the Monte Carlo models
the variation in hadronic eciency.
Figure 7.3 shows the eect of varying the selection cuts on the misidentied
leptons. Variations as the selection cuts are changed are small, indicating that
1
The number of eciency corrected misidentied leptons is the second term in equation
(7.1); the misidentication probability is assumed not to vary with the hadronic selection cuts.
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Figure 7.2: Stability of the electron signal as the hadronic selection cuts are varied. a) The
number of charged tracks is varied whilst keeping the other cuts at their central values, b) the
visible energy is varied, and c) the lepton pair mass is varied. The errors are statistical plus
systematic contributions from the knowledge of the electron eciency and misidentication
probability.
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Figure 7.3: Stability of the number of eciency corrected misidentied leptons as the
hadronic selection cuts are varied. a) The number of charged tracks is varied whilst keep-
ing the other cuts at their central values, b) the visible energy is varied, and c) the lepton pair
mass is varied. The errors are statistical plus systematic contribution from the knowledge of
the electron misidentication probability.
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Source Systematic error Systematic error
(Events) (% of Signal)
charged track cut 6.7 15.7
visible energy cut 2.3 5.5
lepton pair mass cut 5.0 11.7
total hadronic selection cuts 8.7 20.3
electron identication eciency 0.4 0.9
electron misidentication probability 3.8 8.8
total 9.5 22.2
Table 7.3: Systematic errors from hadronic selection, electron identication eciency and
electron misidentication probability.
the Monte Carlo describes the variation in hadronic eciency well.
The systematic error associated with the choice of hadronic selection cuts was
estimated from the square root of the variance of the signal over the ve cut values
in gure 7.2. The systematic errors so obtained are shown in table 7.3 along with
the systematic errors from lepton identication eciency and misidentication
probability.
7.1.4 Electron channel signal
Combining all systematic errors from the previous section gives a signal for the
electron channel of
42:6  17:8(stat:)  9:5(syst:) events:
These events are attributed to semileptonic charmless decays of bottom mesons.










Figure 7.4: Muon (squares) and electron (circles) channel signal versus the signal region




< 60 GeV and E
vis
> 30 GeV. The errors are
statistical plus systematic eects from the knowledge of the lepton identication eciency and
misidentication probability. The data points have been slightly shifted horizontally to allow
comparison of the error bars; both sets of data were taken at lower bound energies of 30, 32.5
and 35 GeV.
7.2 Muon channel
The optimization of the signal region and signal extraction are performed in a
similar way to the electron channel and are described in the next two sections.
7.2.1 Optimization of the signal region
Figure 7.4 shows the signal for the muon channel at the three lower bound energies
of 30, 32.5 and 35 GeV. The electron channel signal is also shown for comparison.
As expected the signicance is worse than in the electron channel. The elec-
tron and muon channel signals are in good agreement, although, the muon data
points are consistent with zero events.
CHAPTER 7. SIGNAL EXTRACTION 114
7.2.2 Signal extraction
Table 7.4 summarizes the muon yields and background estimates for hadronic








> 30 GeV and a lower
bound energy of 32.5 GeV. Table 7.5 gives the values of the lepton identication
eciency, misidentication probability and the hadronic selection eciency at
these cuts. The muon identication eciency is taken from the measurement
described in section 5.1.3 and the misidentication probability from the Monte
Carlo estimate in section 6.2.2.
Because the muon channel signal is consistent with zero it was not thought
fruitful to perform a quantative analysis of the systematic eect of the hadronic
selection, as was done for the electron channel. However, the eects will be quite
similar to the electron channel.
7.2.3 Muon channel signal
There is good agreement between the signals in the electron and muon channels,
especially considering that the dominant background for the muon channel, the
misidentifed hadrons, was estimated fromMonte Carlo simulation. Even if a more
reliable measurement of the misidentied hadron background was available, the
large size of this background, unfortunately, precludes a statistically signicant
signal in the muon channel.
Therefore, no signicant evidence for semileptonic charmless decays of bottom
mesons was found in the muon channel.
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Raw muons 186
Corrected muons 283.3  30.5
Raw hadrons 26237  162.0
Corrected misid. muons 211.6  23.6
Corrected electron pair bkg. 0
Corrected muon pair bkg. 0
Corrected tau pair bkg. 1.3  0.7
Corrected two photon bkg. 0
Corrected b! cl bkg. 46.4  9.2
Corrected c! sl bkg. 15.5  5.0
Corrected J= (1S);  (2S) bkg. 6.2  3.1
Corrected photon conversion bkg. 0
Signal 2.4  40.1





60 GeV and E
vis
> 30 GeV. The error is statistical plus the systematic contribution from the
knowledge of the muon identication eciency and misidentication probability.











Table 7.5: Muon identication eciency and misidentication probability. The hadronic










In the electron channel, an excess of 42:6  17:8  9:5 events with electron en-
ergy between 32.5 and 50 GeV was observed. In the muon channel, the large
background from misidentied hadrons precluded the observation of a statisti-
cally signicant excess, although the number of muon events was found to be in
agreement with the excess of electron events.
8.1 Comparison with theory and experiment
The Standard Model does not predict values for the Cabibbo-Kobayashi-Maskawa
elements; they have to be determined from experiment.
Comparison of the electron channel signal observed here, with experimental
measurements of jV
ub
j would be dicult without resorting to one or more of the
various semileptonic decay models.
Fortunately, a theoretical prediction of the number of leptons from charm-
less semileptonic decay of bottom mesons at LEP has already been made [35],
however, comparison with this reference has to be done carefully.
Firstly, a mistake in the calculation was discovered by the author of this
thesis
1
. The eect of this error is that the predictions are overestimated by a
factor of exactly two. Secondly, the approximations to the b quark fragmentation
model yields a B meson energy spectrum that is considerably harder than that
1
The mistake has subsequently been conrmed by one of the authors [36].
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32.5 42:6 17:8  9:5 7:4 3:1  1:6  30
35.0 18:5 15:2 3:2 2:6 10
Table 8.1: Extracted electron channel signal and theoretical prediction for signal region
lower bound energies of 32.5 and 35 GeV.
measured at ALEPH [33].
The semileptonic decay is modelled according to the ACCMMmodel [15] with
a slight modication to ensure that the endpoint energies are correct [34]. The
lepton energy spectrum in the rest frame of the decaying bottom meson is then
boosted into the ALEPH frame using the Peterson fragmentation function [37].




j is set to 0.1 in accordance with the exper-
imental measurements described in section 1.4.
Ten events per million Z
0
boson decays are predicted with lepton energy above
35 GeV for each of the electron and muon channels. It was also possible to es-
timate from this reference that the number of events with lepton energy above
32.5 GeV is approximately 30 events per million Z
0
. Table 8.1 compares these
predictions with extracted electron channel signals. The electron signal for lower
bound energy of 32.5 GeV is the value presented in the previous chapter. The
value at lower bound energy of 35 GeV was obtained similarly but without any
estimation of the systematic eect of the hadronic event selection. The quoted er-
ror is statistical plus systematic contributions from the knowledge of the electron
identication eciency and misidentication probability.
The theoretical prediction is about 3 to 4 times larger and can be qualiti-

















is the square of the eective light quark mass to the heavy quark mass,
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and (E + p)
quark
is the sum of the energy and momentum of the quark after
accounting for initial state radiation, gluon bremsstrahlung and photon radiation
in the nal state. Unfortunately, it is dicult to use this variable to determine
















where the b quark momentum, jp(b)j, is determined from the assumption E(b) =
E(beam) = 45:6 GeV.
Figure 8.1 shows the eect of this approximation compared to the fragmenta-
tion function measured by the ALEPH collaboration. The fragmentation function
used in the theoretical prediction is more strongly peaked at high x
E
which im-
plies a harder B meson energy spectrum and, consequently, a greater number of
leptons at higher energies.
It would be dicult to determine quantatively this eect without reproducing
the entire calculation, however, a rough estimate can be obtained by examining
the ratio of the areas under the two fragmentation function curves above some
large value of x
E
. For instance, above x
E
= 0:9 the area ratio is 2.9, roughly in
accordance with the observed ratio of prediction to observed signal.
8.2 Summary
This section presents a summary of the main points of this thesis. The work done
to improve the ALEPH magnetic eld is summarised rst as it is a self contained
chapter.
A model framework is presented for the ALEPH magnetic eld measurements.
A series expansion model of the eld was developed with the coecients deter-
mined by integrating over parts of a measured eld map. It was found to be
possible to adjust the relative calibration of the Hall probes at dierent radii.
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Figure 8.1: Comparison of the b quark fragmentation function used in reference [35] (solid
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The residuals between the measured eld map and model for the axial compo-
nent were below 0.3 Gauss and the remaining structure in the radial residuals can
be broadly explained by a geometrical misalignment of the measuring apparatus.
The magnetic eld model has been used in the ALEPH track reconstruction al-
gorithm since 1994. As part of ongoing work to improve track reconstruction
accuracy an improvement in the uniformity of track reconstruction versus track





An overview of the charmless semileptonic bottom meson decay analysis is
then presented. The decision to use high energy leptons to dierentiate between
the charmless and more dominant charmed decays, is of central importance to the
development of the analysis described later. An additional advantage, compared
to other proposed methods, is that the lepton energy is a well measured quan-
tity. Leptons above the kinematic endpoint for charmed decay are found to be
relatively isolated as the energy available to other particles is severely restricted.
For this reason, the analysis is careful to use similar isolated environments when
determining backgrounds and eciencies.
The estimation of the lepton identication eciency and misidentication
probability is then described. This uses techniques that are appropriate to the
isolated environment of the lepton signal. The eciency was estimated from
lepton pair data, requiring the visible energy to be above 80 GeV to suppress tau
pair contamination whilst allowing the leptons to radiate bremsstrahlung photons
and thus cover a wider range of energies giving an energy dependent eciency
measurement. The eciencies obtained showed very little dependence on the
lepton energy for both electrons and muons.
Lepton misidentication was estimated using two techniques. For muons, tau












were used. By identifying the neutral pion a very pure sample of charged pions was
obtained and then examined to see what proportion faked the lepton identication
procedure. The probability obtained for pions to be misidentied as muons was
in good agreement with a previous measurement. The electron misidentication
was estimated from the specic energy loss by ionization, dE=dx. This allowed
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the probability to be estimated directly from hadronic data with electron energy
in the signal region.
The background suppression and estimation were described, being separated
into hadronic and non-hadronic sources. Considerable eort was made to suppress
the non-hadronic background composed of electron, muon and tau pair events
and two photon events. Requirements were made on the number of charged
tracks (modied to account for tracks from photon conversions), the visible energy
(excluding the lepton) and the maximum invariant mass of lepton plus one other
charged track. Monte Carlo simulation was used to estimate that the background
from electron pairs, muon pairs, tau pairs and two photon events was reduced
by factors of over 100, over 30, 80 and 8 respectively, leaving 0, 0, 1:1  0:6 and
7:54:3 events expected in the signal region respectively. The hadronic selection
eciency of these cuts was estimated to be above 75%.
Hadronic backgrounds, except the misidentied hadrons, were estimated from
Monte Carlo simulation. Requiring the lepton to have energy above 32.5 GeV
reduces the hadronic background considerably, the remaining backgrounds being




decays and, for electron events,
photon conversions from initial and nal state quark radiation. For the electron
channel the total hadronic background to the signal was estimated at 30:9  7:2
events. Misidentied leptons were estimated from the misidentication probabil-
ities and the number of hadrons (charged tracks other than leptons) observed in
the signal region. This method has the advantage that it uses data rather than
simulation. For the electron channel the estimated background was 15:01:23:8
events, in good agreement with the Monte Carlo.
Finally, the extraction of the electron and muon channel signals is described.
These were determined by subtracting the backgrounds from eciency corrected
lepton yields. The signal region was optimised by varying the lower energy bound
in order to maximise the statistical signicance of the signal. For the electron
channel, where a statistically signicant excess was observed, the systematic eect
of the non-hadronic event suppression was estimated by varying the suppression
cuts: no signicant variation in signal was observed over the chosen range of cut
CHAPTER 8. CONCLUSIONS AND SUMMARY 123
variation.
For the electron channel an excess in the energy region between 32.5 and 50
GeV of 42:6  17:8  9:5 events was observed and is attributed to the semilep-
tonic charmless decays of bottom mesons. This excess was found to be in broad




A.1 Double Fourier series
A double Fourier series expansion of period 2 in  and 2kz
max
in z, where k is
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The coecients A
nm














































































cos(n); n;m > 0;
(A.2)






given by similar expressions to these but
with the cosine terms replaced by the same sine and cosine combinations as in
equation (A.1).
To determine the coecients for the model with the simple 2z
max
periodic





; ; z) and sets k
to 1. The integrals for the more complicated 4z
max
periodic extension given by
equations (3.13) simplify somewhat after substitution into equation (A.2). The
form of the integrals over z depends upon whether there is a sine, cosine or no





































































































































A.2 Double Fourier-Bessel series





















































































































































If the function f(r; ) has any -independent part, then these parts are re-
moved by integration around  when n > 0. Writing f(r; ) as g(r; ) + h(r),
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